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ABSTRACT 
Strength Characterization of Ceramic Femoral Heads of Total Hip Arthroplasties using a Fluid 
Pressure Controlled Destructive Proof Test and Finite Element Analysis 
John Michael Heffernan 
Dr. Steven Kurtz, Ph.D. 
Modern ceramic femoral head components of total hip implants offer improved tribology and 
wear rates in comparison to traditional bearing materials. However, their brittle nature leaves 
them susceptible to fracture. As a result, manufacturers test their product lines with experiments 
designed to prove the mechanical failure strength of these components. These destructive proof 
tests apply a load to the ceramic samples in a manner that models in vivo conditions. The fracture 
strength is therefore determined to ensure the implants will withstand physiological loads. Finite 
element analyses (FEAs) are used to model these experiments and determine the mechanical 
effects on the heads. The standard method used in these experiments is adequate for new ceramic 
components, but is undesirable for testing surgically retrieved samples. This test has been 
recognized to damage the surface of the head’s tapered cone which complicates finite element 
and fracture analysis. The goal of this thesis was to develop a destructive proof test that would 
minimize taper surface damage by loading ceramic heads in a physiological manner with water 
pressure, and to create an FEA model of the testing conditions. 
This concept originated in a patent held by CeramTec GmbH, and was built using a high pressure 
system that pressurized the inside of ceramic samples until failure. Specifically, this pressure was 
localized along the region that would be in contact with a metal femoral stem during implantation. 
The pressure applied to the heads was digitally recorded in ADMET’s MTestQuattro software, 
and was used to select a constant rate of pressure increase. In all, two new alumina components 
from CeramTec’s BIOLOX Forte product line were tested. No retrieval heads were tested, as this 
experiment was used as a pilot for determining the functionality of the designed experiment. Also, 
five FEA models were produced to simulate this experiment. Two modeled the conditions 
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experienced by the two new alumina samples, whereas the other models were used for a material 
comparison. The comparison models were created by applying the maximum possible system 
pressure to heads made of the three most common ceramic materials: alumina, zirconia (Y-TZP), 
and zirconia toughened alumina (ZTA).  
The alumina samples fractured under pressures of 191.86 MPa applied at a rate of 1.96 MPa per 
second, and 192.60 MPa applied at 1.80 MPa per second. Based on the FEAs, the heads 
experienced maximum tensile principal stresses of 167.69 MPa and 168.33 MPa respectively. 
From these stress values, the critical depth for an edge crack to cause material failure along the 
pressurized region was calculated as 92.41 μm and 91.70 μm. Despite having a significantly 
lower burst strength than zirconia or ZTA, the two alumina samples required 93% of the test 
system’s pressure capacity to cause failure. The results of the three remaining FEAs displayed 
similar magnitudes of stress between the modeled materials, and for this reason, no other 
ceramics were tested.  
Although there were limitations to this study, the test and FEA performed as required. During the 
testing procedure, one primary source of error was introduced by the equipment that was used to 
fixate the ceramic samples. Due to this, the stress values calculated for the fractured heads in the 
FEAs were likely underestimated. However, the designed test was capable of fracturing ceramic 
heads in a controlled and repeatable manner without causing significant damage to the surface of 
the taper. As such, this test should be considered a viable means for evaluating the strength of 
both new and retrieved ceramic heads. 
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1. PROBLEM STATEMENT 
Ceramics used as the femoral head component in total hip arthroplasties (THAs) have 
traditionally shown excellent biocompatibility and resistance to wear [1]. However, unlike 
metallic implants these materials are naturally brittle, and as such are susceptible to fracture 
before experiencing plastic deformation [2]. This characteristic is of high importance when 
considering ceramics as load bearing surfaces for orthopedic implants. Ceramic head fractures are 
particularly distressing to patients and require a revision surgery to remove and replace the failed 
implant. Currently, the reported rate of fracture for ceramic femoral heads is on the order of about 
1 in 10,000 [3].   
In order to minimize the occurrence of these fractures, manufacturers employ destructive proof 
tests, or burst tests, to ensure the quality of their component’s mechanical strength and stability. 
In these tests, ceramic heads are loaded at a constant rate above normal physiological levels to 
quantify the maximum sustainable load [4]. However, the current scope of published studies 
suggests that these tests have been principally applied to new components. Accordingly, a 
mechanical performance test that provides information on the failure strength of surgically 
retrieved ceramic heads is desirable. The current standard burst testing method creates dynamic 
contact between the proof testing equipment and the inner bore of the ceramic heads, thereby 
damaging the ceramic samples [2]. A burst test procedure that is to be applied to ceramic retrieval 
heads should not create contact damage to allow for a more thorough material analysis. 
Accordingly, damage observed on this surface of a ceramic sample following the burst test, 
should be attributed to an in vivo cause. 
 Moreover, in a standard axial burst test, the friction created between the head taper and stem 
trunnion is difficult to characterize, and directly affects the magnitude of hoop stress created in 
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the ceramic components [4]. Burst tests should therefore avoid this interaction to facilitate stress 
calculations. In addition, finite element methods are necessary for determining the stress 
distribution created in components during a proof test.  
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2. SPECIFIC AIMS  
1. Develop a burst test for ceramic femoral heads. 
The main goal of this project is to develop a test apparatus that will be used to measure 
the strength of ceramic femoral heads from total hip implants. New sample heads to be 
used in the burst test have been kindly supplied by the world’s largest commercial 
orthopedic ceramic manufacturer, CeramTec GmbH. These samples will also be used to 
validate the overall functionality of the test. However, this test will be designed to be 
applied to retrieval ceramic heads, and for this reason will minimize contact damage on 
the samples created by the testing device. Additionally, friction created between the taper 
of the ceramic and the test device will affect the magnitude of hoop stress generated in 
the component, and will complicate stress calculations.  Developing a test method that 
avoids creating kinetic friction at this interface will allow the stress induced in the sample 
to be calculated directly from the applied load using a finite element analysis.  
2. Perform a finite element analysis (FEA) of the ceramic femoral heads under the 
conditions of the burst test. 
A finite element model will be developed in SIMULIA’s Abaqus FEA software. It will 
be used to predict the location of material failure. The results of this analysis will be 
compared to FEAs of other published proof tests. 
3. Determine the fracture strength of ceramic femoral heads. 
Using the results of the burst test and the FEA, the material strength that is listed by the 
manufacturer will be evaluated.  
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3. INTRODUCTION AND BACKGROUND 
3.1. Total Hip Arthroplasties  
Osteoarthritis (OA) is a debilitating and mobility limiting condition characterized by a 
degradation of the cartilage in the affected joint. A decrease in the elasticity and lubricious nature 
of this tissue can cause joint pain and stiffness [1]. Since their introduction in the 1960’s, total hip 
arthroplasty (THA) surgeries have become integral procedures for treating the symptoms of 
advanced OA in the hip joint [1, 5]. In general, these are performed when OA conditions become 
too severe to be treated by pharmaceutical or other non-surgical therapeutic methods. Overall, 
THA artificial joints have been highly successful and have significantly improved in quality over 
time.  
In THAs, the implants consist of several components.  Each THA typically contains a metal 
femoral stem, which is surgically inserted into the femoral canal following the removal of the 
natural femoral head. This stem is then coupled with a ceramic or metallic femoral head ball 
component by connecting the female tapered bore of the head onto the tapered male end of the 
stem. The femoral head is then seated into a hemispherical socket shaped acetabular liner and 
shell. The liner provides an articulating contact surface for the head, while the shell anchors the 
liner to the pelvic acetabulum. Together, when appropriately positioned, these components 
reconstruct the hip’s ball-and-socket joint. A picture of a prosthetic hip replacement and a 
radiograph depicting how it is surgically positioned is shown in Figure 1. In 2004, Dietrich et al. 
approximated that about one million primary THA operations are performed each year worldwide 
[5]. While in 2010, the total yearly proportion of failed joint replacement procedures requiring a 
revision surgery was reported to be between 7% and 8% [6]. For THAs specifically, the 
predominant causes for revision surgery were dislocation, aseptic loosening, or infection [1, 6].  
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For load bearing surface materials, the majority of THA procedures employ a polished cobalt 
chromium (CoCr) alloy femoral head articulating against an ultra-high molecular weight 
polyethylene (UHMWPE) acetabular liner. [1, 5]. Despite the long term success of these systems, 
the use of UHMWPE liners as articulating surfaces has also presented a pervasive problem for 
these implants. Specifically, these systems have long been recognized to create pro-inflammatory 
UHMWPE wear debris particles over the lifetime of the implant. Furthermore, in cases of wear, 
the debris has been observed to cause the resorption of bone tissue defined as osteolysis. In this 
condition, the native bone stock is depleted which may cause a subsequent loosening of the 
implant components [1, 7].  As previously stated, loosening represents one of the primary 
reported reasons for revision THA surgery. On average, patients displaying UHMWPE wear rates 
greater than 0.05 mm per year in radiographic images are considered to be at risk for developing 
osteolysis in the hip joint [1]. 
 
 
Figure 1: (A) The components of a common THA implant. The femoral stem is connected to the CoCr 
femoral head. The head articulates against the UHMWPE acetabular liner which is anchored by the 
acetabular shell. (B) Radiograph of an implanted prosthetic hip [1]. 
A. B. 
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As a result of this issue, a number of different load bearing materials have been developed to 
combat the wear observed historically in metal-on-polyethylene (MOP) implants. In particular, 
femoral head and liner materials have been developed with improved tribological properties to 
decrease wear rates. Currently, a variety of metal alloys and ceramic materials have been 
approved for use as both head and liner materials. THA implants that do not use an MOP bearing 
are presently constructed from three different head-liner material combinations. These include 
metal-on-metal (MOM), ceramic-on-polyethylene (COP), and ceramic-on-ceramic (COC) 
couplings [6]. Each system has unique benefits and drawbacks but all share the common goal of 
reducing the presence of UHMWPE wear debris. 
3.2. Ceramics in THAs 
3.2.1. Advantages  
Structural ceramics were first used in orthopedics during the 1970’s as an alternative femoral 
head material to available metal components in THAs [5]. Soon after, ceramic acetabular liners 
were also produced and approved for use in conjunction with ceramic heads in COC systems  [8]. 
These new biomaterials gained acceptance as they were demonstrated to be biocompatible and 
decrease the incidence of wear debris in the replaced joint [4, 5, 7]. During this same time period, 
a second class of bioactive ceramics was also identified as a suitable bone scaffold material [7, 8].  
In orthopedic procedures, these ceramics, such as hydroxyapatite and calcium phosphate, are 
often used as coatings to promote bone ingrowth on structural implants [8]. However, their poor 
mechanical strength excludes them from use in load bearing applications. In terms of structural 
ceramics, there are three primary materials that have been used as bearing surfaces in THAs 
alumina, zirconia (Y-TZP), and zirconia toughened alumina (ZTA). Studies of retrieved ceramics 
from COP and COC systems have shown that both options produce lower average wear rates than 
traditional couplings [1]. Examples of ceramic-on-ceramic and ceramic-on-polyethylene THA 
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implants are displayed in Figure 2. A graphic view of how these components are assembled 
during implantation is displayed in Figure 3. 
 
    
Figure 2: (A) Components of a ceramic-on-ceramic and (B) ceramic-on-polyethylene THA system. The 
components include a (1) metal femoral stem, a (2) ceramic femoral head, a (A3) ceramic or (B3) 
polyethylene acetabular liner and a (4) metal acetabular cup.  
In general, ceramics used in THA components are subjected to numerous engineering design 
controls. Over the past forty years, manufacturers have made significant advancements in 
producing ceramics with excellent hydrophilicity, hardness, surface smoothness, and sphericity. 
The hydrophilicity of these components is important for lubrication in the replaced joint. Ceramic 
surfaces attract water better than their CoCr counterparts, thereby improving lubrication and 
reducing friction between the bearing surfaces [1]. Additionally, ceramic femoral heads are 
engineered to be nonporous. This is done to ensure that the materials do not erode in the presence 
of bodily fluids [9].  The majority of heads are also manufactured to have an average outer 
surface roughness less than 10 nanometers to decrease wear in the bearing. At the same time, 
ceramic heads have a superior hardness to metal heads. This quality specifically protects the outer 
surface of the component from being scratched [1, 9]. The surface of a scratched femoral head is 
A. B. A. 
1. 
2. 
1. 
3.
4. 
2. 
3. 
4. 
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roughened and as a result will increase friction and wear rates during articulation. Furthermore, 
the geometry of ceramic heads is engineered and tested to be within a few micrometers of 
perfectly spherical. Doing so, improves the fit of the head in the liner, and allows for better load 
distribution [9]. Current FDA guidelines governing the design of ceramic heads indicate that 
these components must be within 0.5 µm of spherical [10]. Additionally the surface roughness 
must be less than 0.2 µm, with no surface defects greater than 0.5µm [10]. Manufacturers must 
adhere to these and other mechanical performance guidelines to obtain market approval for their 
ceramic head devices.    
 
 
Figure 3: Depiction of the implanted components of a ceramic-on-ceramic (COC) THA system [5]. 
The material properties of orthopedic ceramics improve the tribology of hip implants. For this 
reason, they have significantly lower wear rates as compared to MOP systems in both in vitro and 
clinical wear studies [5, 7]. Accordingly, COP and COC couplings are desirable in younger 
patient groups due to the reduced the risk of osteolysis and potential short term avoidance of 
revision surgery [1, 11]. Overall, it is estimated that approximately 35% of all primary THA 
operations use at least one ceramic component [5]. However, this figure varies significantly when 
Metal Shell with 
Ceramic Liner 
Ceramic Ball 
Head 
Metal Femoral 
Stem 
Ceramic Liner 
Ceramic Ball 
Head 
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the population is stratified by global region. For example, ceramic THA implants are used 
considerably less often in the US in comparison to Europe [8].  
3.2.2. Disadvantages 
Despite the success and positive aspects of ceramic bearings, there are some unique problems that 
also arise with their use. Each type of ceramic has specific material disadvantages, which are 
discussed in detail in section 3.3. However, there are two primary drawbacks normally associated 
with the use of all ceramic materials in THAs. The first, is unique only to COC systems, and is 
characterized by the occurrence of an audible squeak produced during joint articulation. This 
issue is reported in the current literature to occur within the range of 1% to 20% in clinical studies 
of patients with a COC implant [1, 11, 12].  Although establishing the exact causal mode can be 
difficult, a number of different explanations have been linked to this problem. Some of these 
include an increase in roughness of the contact surface, size mismatching of the femoral head and 
liner, and poor component positioning during implantation [11, 12]. In some cases, the noise 
created by these implants can be severe enough to prompt a surgical revision of the artificial joint.  
The second, and arguably more important concern, is the possibility of a catastrophic failure. This 
is categorized by an in vivo fracture of a ceramic femoral head or acetabular liner component. 
Ceramic components, unlike their metallic or plastic counterparts, are characterized by brittle 
failure. This material property dictates that these components will not experience plastic 
deformation, and instead, will fracture at a critical value of principal stress [2, 4]. Although rare, 
in vivo fractures of ceramic components are well documented and occur in both historical and 
modern THA systems [1, 13]. The presently reported incidence rate varies considerably across 
the current literature, but for femoral heads, is consistently within the bounds of 0.004% to 0.05% 
[1, 2, 4, 5, 7, 8, 11, 13, 14]. Conversely, contemporary ceramic liners experience significantly 
higher reported fracture rates ranging from 0.22% to 3.5% [15]. In ceramic heads, most fractures 
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appear to originate on the ceramic’s taper in the region that is in contact with the metal femoral 
stem [4]. This is the surface that experiences the highest stresses in vivo. When a catastrophic 
failure occurs in vivo, the artificial joint is rendered completely unusable. As a result, these 
situations cause patient discomfort, loss of mobility, and ultimately require a revision surgery to 
remove and replace the failed component [4]. These surgeries can be complicated as the surgeons 
must take care to remove all of the fractured pieces of the failed component. Fragments left 
behind may cause further pain to the patient and could require successive surgeries to be removed. 
Although fractures are uncommon, they have previously been attributed to manufacturing issues 
and have created severe repercussions for producers of these components. Furthermore, 
researchers have proposed that, “the defining issue with ceramic components for hip replacement 
remains their in vivo fracture risk” [1] . For this reason, manufacturers aim to incur the lowest 
possible rates of fractures in their ceramics. 
Ceramic fractures can be attributed to a variety of different causes and determining the specific 
failure mode can be difficult [4]. Yet, there are a number of predominantly reported reasons for 
ceramic femoral head fractures: shock force trauma incidents, inherent material defects, 
mismatches between the female taper of the head and the male taper of the femoral stem, debris 
between the female and male tapers, incorrect positioning inside of the liner, and over impaction 
of the head onto the stem by the surgeon [2]. Ceramic liners on the other hand, generally fracture 
when an impingement is created through contact between the metal femoral stem and the liner, or 
when the liner is poorly positioned during implantation [15]. Early femoral head ceramics in 
THAs experienced fracture rates of up to 13%, much higher than modern components [1, 4, 7]. 
For this reason, regulatory bodies and standards organizations have imposed strict guidelines for 
the material properties of these medical devices in order to be given market approval [1, 7, 15]. 
These requirements are discussed in detail in section 3.5. 
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When examining the fracture strength of ceramics in THAs, it is necessary to evaluate the 
materials in terms of their fracture toughness. This property is a critical value of the stress 
intensity factor, denoted as KC. Moreover, this parameter indicates the point at which a ceramic 
will fracture when an applied stress is large enough to advance an existing crack through the 
entire thickness of the material. The numerical fracture toughness equation is given as:  
     √   
where ‘Y’ is a correction that is unique to the geometry of the crack in the head, ‘σ’ is the applied 
stress, and ‘a’ is the size of the crack that will propagate to create the failure [4]. The 
microstructure of ceramics is divided by boundaries between the individual grains of material. 
During manufacturing, the ceramics are sintered at high temperatures solidify their structure [1]. 
Although the average grain size of ceramics in THAs is on the order of a few micrometers, the 
boundaries between them are essentially small inherent cracks in the material. To illustrate this, 
Figure 4 shows a picture of the microstructure of alumina ceramic. Therefore, fractures in these 
ceramics can occur when a large applied stress causes a grain boundary to extend and separate 
through the component [4]. For this reason, it is important for ceramic components of THAs to 
have a sufficiently high fracture toughness, and a small grain size to decrease the probability of 
fracture. 
 
 
Figure 4: Picture of the microstructure of alumina ceramic with an average grain size of 2 µm [1]. 
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In addition to fracture toughness, a second crack growth material property is also known to affect 
structural ceramics. Slow crack growth is a phenomenon that occurs when a crack in the material, 
too small to cause a failure, grows due to consistent cyclic stress in a corrosive environment. In 
this mechanism, water helps to break molecular bonds in a mechanically stressed ceramic 
allowing a crack to grow. The numeric threshold for slow crack growth is denoted as KTH and is 
defined as the stress intensity factor that promotes subcritical crack propagation [4]. Subcritical 
crack initiation often occurs when a high stress is applied during a traumatic loading incident. 
Growth of these cracks further increases the stress intensity factor until the critical value of KC is 
reached and a fracture occurs [4]. Over the course of time, normal cyclic stress levels may also 
cause a failure in the material without loading the material beyond its typical burst strength [4]. 
As a result, this property has been observed to cause delayed fractures in ceramic components [7]. 
A comparison of the fracture toughness and slow crack growth threshold for the major ceramics 
in THAs is presented in Table 1 in section 3.3.3. Higher fracture toughness and slow crack 
growth threshold values decrease the overall potential for component fracture. 
Recently, a new potential concern has been raised over the use of ceramics as articulating 
surfaces in THAs. Alumina, zirconia (Y-TZP), and silicon nitride ceramic nanoparticles were 
examined in an in vitro cytotoxicity study. The purpose of this study was to determine whether 
THA ceramic nanoparticles would display bioactive properties in contrast to the inert behavior of 
micro-sized particles [16]. The results of this study showed that both zirconia and silicon nitride 
nanoparticles had measureable negative effects on osteoblast and macrophage cell function 
whereas alumina nanoparticles showed a negligible effect [16]. Consequently, the researchers 
proposed that wear debris ceramic nanoparticles may contribute to osteolysis and the eventual 
failure of implant systems containing either zirconia or silicon nitride [16]. 
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3.3. Ceramic Femoral Head Materials 
3.3.1. Alumina 
In 1965, aluminum oxide (Al2O3), termed alumina, was the first ceramic material identified and 
patented for orthopedic use in England.  Five years later, alumina ceramic femoral heads and 
acetabular liners went into production in Europe [8]. Currently, the German manufacturer 
CeramTec is the world’s largest manufacturer of alumina ceramic femoral heads for THAs. This 
company has sold over 5 million of these components in their BIOLOX Forte product line to 
numerous medical device companies [1, 17]. Over the past forty years, a number of 
advancements have been made in alumina material processing to improve the functionality of 
these implants. For example, the early femoral heads were formed in a ceramic sintering process 
from alumina powder having a purity of about 99.7%. This was later augmented in the late 1980’s 
with a hot isostatic pressing (HIP) method which vastly improved the mechanical properties of 
the ceramics. Additional improvements have been made in increasing the purity, density, elastic 
modulus, and bending strength, while also decreasing the grain size, surface roughness,  and 
porosity of the ceramics [8]. A quantitative comparison of these properties is displayed in Table 1 
in section 3.3.3.  
In particular, CeramTec has engineered their BIOLOX Forte components to exceed the material 
requirements set forth in the ISO 6474 standard for medical grade orthopedic ceramics. To do so, 
the following manufacturing procedure has been published. First, the purified alumina powder is 
prepared and combined with a small amount of magnesium oxide (MgO). This mixture is then 
pressed into cylinders under high pressure conditions. The cylinders are then precisely machined 
into the final shape of a ceramic head. These heads then undergo a three step sintering procedure 
in which hot isostatic pressing is employed at temperatures of 1400 ºC and pressures of 100 MPa. 
This process creates the ceramic microstructure microstructure as shown in Figure 4. Next, the 
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heads are highly polished to decrease surface roughness and are then laser marked with 
identification numbers and symbols. The heads then undergo a battery of more than 50 material 
tests to ensure the quality of the batch. Finally, the heads are sterilized with gamma radiation 
prior to packaging and distribution. Heads produced in this manner have been sold in more than 
90 different constructional variations based on specifications provided by medical device 
companies [17]. 
Throughout their use, alumina femoral heads have shown superior tribological properties when 
compared to metal heads. Moreover, wear rates reported for alumina-on-polyethylene bearings 
are typically between 0.001 mm per year to 0.1 mm per year [17, 18] . This rate is reduced 
considerably in the case of alumina-on-alumina bearings in which clinical wear rates have been 
reported as low as 0.0005 mm/year [18]. The reduction in wear is primarily due to the scratch 
resistance and hardness of alumina which is only surpassed in these categories by diamond. This 
property, coupled with the hydrophilic nature of the ceramic, improves overall joint lubrication 
while preventing corrosion and minimizing wear particle formation [17].  
Despite the many impressive qualities of alumina femoral heads, slow crack growth due to stress 
corrosion cracking has been identified as a problem for these ceramics. This occurs when water in 
the periprosthetic tissue cleaves the bonds between the aluminum and oxygen ions while they are 
stressed. In this regard, a threshold stress intensity factor has been determined for alumina as KTH 
= 2.5 MPa·m
1/2
, well below the critical value of KC = 4.2 MPa·m
1/2
 [4]. This is an important 
consideration when evaluating the strength of alumina ceramics under cyclic loading conditions. 
Accordingly, these ceramics have been reported to experience delayed fractures under loads that 
are below the normal failure strength due to slow crack growth [4]. 
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3.3.2. Zirconia 
In the late 1980’s, yttria stabilized tetragonal phase polycrystalline zirconia (Y-TZP), termed 
zirconia, was developed for use in orthopedic implants [8].  Zirconia is generally formed from a 
mixture of 5.1% yttria (Y2O3) and 93-94% zirconia (ZrO2) [1]. The emergence of zirconia in 
orthopedic ceramics provided a number of advantages over the available alumina components. 
Specifically, zirconia offers a smaller grain size, a higher elastic modulus, as well as improved 
burst strength and fracture toughness [8]. In fact, zirconia has been shown to withstand 
compressive loads that are more than twice the magnitude of those sustainable by alumina [19]. 
These properties created the possibility of manufacturing heads with diameters under 28 mm, 
which had not previously been achieved with ceramics [18, 19]. Yet despite these improvements, 
zirconia can only be used in COP systems as zirconia COC implants have been found to create 
unacceptably high levels of wear [18]. One of the main advantages of zirconia ceramics is an 
inherent material toughening mechanism that creates a high stress intensity factor threshold for 
crack growth [1, 18, 19]. This attribute has been the primary subject of debate when examining 
this ceramic as a femoral head material. Furthermore, specific material properties for zirconia 
femoral heads are displayed in Table 1 in section 3.3.3. 
Zirconia is a polymorph that is stable in three different crystalline phase conformations: a 
monoclinic, tetragonal, and a cubic phase. The monoclinic state is stable below 1170º C, the 
tetragonal state is stable from 1170 ºC to 2370 ºC, and the cubic phase gains stability at 
temperatures exceeding 2370 ºC. Medical grade orthopedic zirconia is sintered at temperatures 
ranging from 1350 ºC to 1550 ºC at which the tetragonal phase is dominant and stable. Yet as the 
ceramic cools, it reverts back to the monoclinic state in a phase transformation process. This 
change causes an increase in the volume of the material at the transformation sites which 
increases local stresses in that region. To prevent this outcome and maintain the tetragonal phase, 
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yttria is added as a stabilizing agent. With this addition, the temperature at which zirconia 
undergoes the transformation from tetragonal to monoclinic is decreased below physiological 
levels [19]. Along with temperature, increased levels of stress and the presence of water can also 
initiate the same phase transformation [1]. 
However, this material transformation is also beneficial to zirconia as it is responsible for the 
aforementioned toughening mechanism [1, 7, 18, 19]. In cases where elevated tensile stresses 
lead to micro-crack formation, the ceramic grains at the tip of the crack will transform from the 
tetragonal phase to the monoclinic phase. In doing so, the material expands around the crack 
creating compressive forces which offset the externally applied tensile stress [1, 19]. Additionally, 
the yttria stabilizer prevents the phase transformation from propagating out of the crack region 
[19]. In this manner, zirconia is able to combat crack growth and toughen under extreme 
mechanical loads. For this reason, zirconia is also more resistant than alumina to delayed failures 
caused by the slow growth of micro-cracks. 
Unfortunately, the tetragonal-monoclinic transformation is also associated with the negative 
effect of accelerated aging in zirconia ceramics. In particular, water has been observed to have a 
degradative effect on zirconia’s fracture toughness and surface smoothness [20]. The first step in 
the aging process takes place when there is an ionic interaction between the outer surface of a 
zirconia femoral head and water molecules. When sufficient mechanical stress is added to this 
situation, the polar water molecules are able to disrupt the bonds between the zirconium and 
oxygen molecules of the ceramic. This results in an accelerated transformation of the tetragonal 
grains to the monoclinic phase, and a corresponding increase in material volume. This change in 
volume increases the component’s surface roughness, which has the propensity to induce higher 
levels of wear. Furthermore, the volumetric change also creates passages for water to infiltrate 
past the polished outer surface and into the deeper ceramic material. This movement of water, 
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allows for the phase transformations to spread and cracks to form, thereby decreasing the 
component’s fracture strength [19]. 
Prior to 2001, the incidence rate of zirconia femoral head fracture was low and the accelerated 
aging process was not considered to be a major concern with these components [19]. However, in 
1998, an alteration in the manufacturing procedure by the world’s leading producer St. Gobain 
Desmarquest, caused an alarming spike in fracture incidents [1]. After nearly 400 reported 
failures of these components, the manufacturer issued a recall of their zirconia heads in 2001 [7].  
Since this time, zirconia femoral heads have gained notoriety, and numerous studies have been 
performed to characterize the effects of accelerated aging in these devices [1, 19, 20]. However, 
these topics are still debated as the presence of zirconia degradation is clinically inconsistent and 
may be promoted by variables in the manufacturing process [19].  
3.3.3. Zirconia Toughened Alumina  
In recent years, the development of a new alumina-zirconia composite material known as zirconia 
toughened alumina (ZTA) has gained popularity as a material for ceramic femoral heads. These 
components are formed from an alumina matrix containing a mixture of zirconia grains and other 
stabilizers. CeramTec markets their ZTA heads under the product line BIOLOX Delta. These 
heads are comprised of approximately 82% alumina, 17% zirconia, and trace amounts of 
strontium aluminate and chromium oxide [1]. This new composite attempts to combine the 
biological stability of alumina with the strength and toughening mechanisms of zirconia [9]. 
Specifically, these ceramics provide similar hardness, as well as increased fracture strength and 
crack growth resistance as compared to their alumina counterparts [1, 9, 13]. Together, these 
properties help to decrease the likelihood of a delayed fracture event in ZTA components [13].  A 
full list of material properties for ZTA ceramic heads as compared to alumina and zirconia is 
displayed in Table 1. 
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As in zirconia, a phase transformation of zirconia particles from tetragonal to monoclinic is used 
to inhibit crack growth in ZTA [1, 7, 13]. However, the material is designed to prevent a cascade 
of zirconia phase transformation. First, the zirconia particles are well dispersed throughout the 
alumina matrix to localize toughening mechanisms. Similarly, the stabilizers spread throughout 
the matrix are long and slender relative to the other grains. This shape helps to prevent the spread 
of cracks. This is achieved by dissipating the crack energy out over the surface area of these oxide 
particles [1, 9]. A picture of the BIOLOX Delta ceramic microstructure is displayed in Figure 5. 
 
 
Figure 5: Picture of the microstructure of CeramTec’s ZTA, showing the arrangement of the different 
material components [1]. 
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Table 1: A comparison of the reported material properties for femoral heads made of two generations of 
CeramTec’s alumina, zirconia (Y-TZP), and zirconia toughened alumina (ZTA) [1, 7, 9, 13, 17, 18, 21, 22]. 
Property 
BIOLOX 
Alumina 
(1974-1995) 
BIOLOX 
Alumina 
(1995–Present) 
Zirconia 
(Y-TZP) 
Zirconia 
Toughened 
Alumina (ZTA) 
Purity  
99.70% 
Al2O3 
99.80% - 99.95% 
Al2O3 
93% - 94% 
ZrO2 
81.43% - 81.77% 
ZrO2 
Density (g/cm
3
) 3.95 3.97 6.10 4.37 
Grain Size (µm) 4.00 – 7.00 1.75 – 2.00 0.50 0.52 – 0.60 
Elastic Modulus 
(GPa) 
380 - 410 407 210 358 
4-Point Bending 
Strength (MPa) 
500 631 - 800 900-1200 1384 -2000 
Porosity < 1.00% ~0% ~0% ~0% 
Fracture 
Toughness 
(MPa · m
1/2
) 
3.00 3.20 – 4.20 5.4 - 8.50 5.70 – 8.50 
Slow Crack 
Threshold  
(MPa · m
1/2
) 
2.40 2.50 3.50 4.00 
Vickers 
Hardness (0.1) 
1800 - 2000 1800 - 2000 1200 - 1300 1800 - 1975 
Poisson’s Ratio 0.245 0.245 0.27 0.24 
 
Furthermore, studies have shown that ZTA femoral heads may not experience the same 
accelerated aging effects that are associated with zirconia heads. In one retrieval study, a 
sampling of ZTA heads that had been implanted between 0.04 to 3.5 years found to have no 
significant alterations in surface roughness [20]. However, alterations observed in the 
microstructure of these ceramic retrievals indicated that significant zirconia phase transformations 
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had occurred in these components. A similar study used atomic force microscopy to examine the 
surface topology and phase transformations in ZTA heads in a humid environment [23]. The 
results of the study showed that the zirconia content of the ZTA heads transformed between the 
tetragonal and monoclinic states at a statistically similar rate as zirconia heads. Although, it was 
also determined that the test conditions produced negligible effects on the surface roughness of 
these ceramics [23]. Unfortunately, relatively few material studies exist for these heads and more 
comprehensive research is needed to better characterize the clinical performance of ZTA 
components of THAs. 
3.3.4. Other Ceramics 
Although the three previously presented materials are those most commonly used for ceramic 
heads in THAs, some others are also utilized. For example, the medical device company Smith 
and Nephew Inc. has developed a metallic zirconia alloy ceramic branded as Oxinium. This 
ceramic is made of a mixture of zirconium and niobium [20]. This particular material eliminates 
the problems of zirconia phase transformations, as approximately 95% of the zirconia grains in 
the ceramic are monoclinic [1]. Moreover, the outer surface of these ceramics is also exposed to 
high temperatures to produce a hard thin layer of monoclinic zirconium oxide that improves 
scratch and wear resistance [1, 20]. After more than ten years in service, relatively few studies 
have been done to evaluate the clinical performance of these ceramics in THAs.  One study 
examined retrieved Oxinium femoral heads implanted over 0.2 to 2.8 years and found that the 
heads had decreased surface smoothness but without zirconia phase transformations [20]. Overall, 
a wider range of studies are necessary to characterize exactly how these implants compare to 
other commercially available ceramics. 
Recently, a second class of non-oxidized ceramic has also been developed to improve issues 
experienced in both alumina and zirconia implants. Silicon nitride (Si3N4) ceramics have proven 
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biocompatibility and have been used in spinal implants in the US over the past three years [22].  
Although extreme environmental conditions are required in production, this material is nearly 
unaffected by slow crack growth and contains an extremely high fracture toughness at KC = 10 
MPa·m
1/2
 [13, 22].  Furthermore, these heads exhibit ultra-low wear rates and have been designed 
for use in both COC and COP implants [1]. Clinical studies are ongoing and optimistic for the 
future of these ceramics in THAs.  
3.4. Taper Design of Ceramic Femoral Heads 
The female conical taper is one of the most important design features in ceramic femoral heads. 
For this reason, manufacturers such as CeramTec, work with medical device companies to 
produce and test customized components to be sold under the corporation’s name [4]. Although 
diametrical sizes are consistent, the tapers of these components are not standardized and company 
specific constructional variations are common. Specifically, medical device companies design 
their femoral heads with dimensions and tolerances that correspond to the other components of 
the artificial joint. This ensures that the structure creates a secure interlocking fit with the male 
taper of a metal femoral stem for proper functionality. Additionally, clinical and in vitro studies 
have shown that most ceramic fractures occur at this material interface. As a result, the tapers of 
the ceramic heads must be precisely machined within a small tolerance to accept a particular male 
taper size.  
3.4.1. Angles 
Consequently, a variety of female taper sizes are found in ceramic femoral heads. Some of the 
most common tapers are the 10/12, 12/14, and 14/16 sized Euro style tapers which have a taper 
angle of 5º42’30”. Another taper that is often used is the Stryker V40 taper with an angle of 
5º40’00” [24]. Each of these tapers can be constructed to have different vertical lengths to 
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accommodate different stem sizes. However, the angle of the taper dictates whether a stem will 
properly couple with the ceramic component. In the case of a stem-head taper mismatch, the 
strength of the head can be greatly reduced, and increase the possibility of an in vivo fracture [2, 4, 
8]. Specifically, the angle of the ceramic taper should be slightly greater than the angle of a 
matched stem taper. This allows for the desired interlocking contact fit to occur. Furthermore, the 
FDA indicates that the stem taper must be in direct contact with at least than 50% of the vertical 
length of the taper [10]. For new ceramic heads, the specific taper angle is easily identified by a 
laser engraved marking. 
3.4.2. Surface Finish 
Unlike the exterior surface of ceramic heads, the tapers are not highly polished. This is purposely 
designed to create friction between the stem and the head when the two components are 
combined. This coupling is called an interference fit [4]. If polished, the coefficient of friction 
between the surfaces would be reduced. This would allow the stem to slide deeper into the 
ceramic’s orifice. In this case, the lowered position of the stem would increase the resting hoop 
stresses throughout the thickness head [4, 25]. As a result, the head could fail under loads that are 
below the ceramic’s material rating due to the heightened level of latent stress [25]. At the same 
time, the taper finish must also be free of defects, as this is the most common site for fracture 
initiation. Although there are no specific requirements, the roughness of the ceramic taper must 
be reported to the FDA [10]. Damage to this structure has also been observed to significantly 
decrease the fracture strength of the implant, and this is further explored in section 3.6 [25].  For 
these reasons, the taper finish must be carefully machined for the implant to perform properly.  
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3.5. Factors Affecting Ceramic Femoral Head Fracture Strength 
The integrity of the ceramic taper has been determined to be one of the most important influences 
on the load bearing capacity of ceramic components. Specifically, studies have shown that the 
presence of damage or debris on the taper may significantly weaken these heads. Both of these 
factors increase the resting stress in the heads. This raises the stress intensity factor thereby 
increasing the possibility of fracture without traumatic loading. Moreover, these claims have been 
experimentally verified in numerous studies. For example, Delfosse et al. reported the effects of 
having a metal wire, a piece of foil, or a strand of hair trapped between the stem and taper of a 
ceramic head during the ISO static compression test. In this study, the researchers found that the 
fracture loads of the heads with taper interference were significantly lower than the control test, 
and in a number of cases, below the minimum of 20 kN.  The study also determined that scratches 
on the surface of either the trunnion or the ceramic taper could also drastically reduce the fracture 
load. Surface scratches raise the surrounding material and produce stress risers which decrease 
the ceramic’s strength [25].  Similar results have been reported in tests where a small amount of 
blood or bone chips were introduced between the two tapers. In these studies, reduction of the 
fracture load was observed in the most extreme cases to occur by more than 50%, from 85 kN to 
45 kN [4]. 
A similar but more challenging scenario arises when a lubricant is introduced on the taper surface 
in ceramic THA components. In these cases, the coefficient of friction may be decreased between 
the head and stem, causing a weakening in the strength and survivability of the implant. With a 
decrease in friction, the stem is able to slide further into the bore of the head, thereby increasing 
the hoop stress in component [4, 25]. This increase in the resting stress ultimately decreases the 
magnitude of the load necessary to cause a fracture in the ceramic. This presents a major handling 
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problem for ceramic components, as it is difficult for surgeons to keep the taper area free of fluids 
and soft tissue during implantation [25].  
3.6. Standard Mechanical Proof Testing of Ceramic Femoral Heads 
The fracture potential of ceramic heads has been a consistent concern for manufacturers and 
regulatory organizations since their introduction into orthopedics. As a result, industry producers 
are required to prove the mechanical strength and stability of their ceramic components prior to 
gaining regulatory approval for implantation [10]. To do so, mechanical proof tests have been 
developed as internationally accepted methods of substantiating the load bearing capabilities of 
ceramic heads. These are the primary methods employed by manufacturers to ensure the quality 
of their product batches in a time effective manner [2]. Ceramic femoral heads that successfully 
pass a proof test are considered to be free of defects that may cause a material failure. Proof tests 
of different structural designs were first applied to ceramic heads in the 1980’s as manufacturers 
were attempting to improve the mechanical strength of their implants [2, 14]. Since their 
implementation, one clinical study in 1998 argued that the fracture rate of alumina ceramics fell 
by more than 40% due to proof testing [14]. Although fractures in ceramic heads are often a result 
of traumatic loading or improper implantation, proof testing provides a method for mechanical 
quality assurance through the rejection of low-strength components [2]. For these reasons, proof 
testing is considered to be an integral part of ceramic head design. 
3.6.1. Standard Method 
The International Standards Organization (ISO) has developed a standardized proof test for 
ceramic femoral heads which is described in standard ISO 7206-10 [26]. This standard indicates 
the materials, equipment, and procedure for performing a static compression and static tension 
test on ceramic femoral heads. To its credit, the static compression procedure is the most 
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referenced material on ceramic head proof testing. Furthermore, it is also the FDA’s accepted 
proof testing method for manufacturers to report the failure strength of their components. A 
primary reason for this, is that the fracture patterns created during the test are comparable to those 
observed in clinical failures [4]. The typical fracture mode observed in the ISO test occurs as 
shown in Figure 6B with the crack originating on the taper and propagating through the superior 
thickness of the head. 
For materials, the ISO standard first directs that 5 new ceramic components should be selected for 
the compression test. Second, the operators must have access to a load frame capability of 
applying a 200 kN compressive load. This machine must also be able to record the applied load 
within an accuracy range of 1% for loads applied between 20% and 100% of the loading range. 
Third, a dummy femoral stem, or trunnion, made to accurately represent a stem that will be 
clinically combined with the tested heads must be obtained. Lastly, a metal recessed cone having 
an angle of 100º, must be used as the contact surface for the heads during the compression test. 
This surface can be augmented with the addition of a copper ring to distribute the reaction force 
to the applied load [26]. With these materials, the static compression test is set up according to 
Figure 6.  
 
   
Figure 6: (A) Proof test for ceramic femoral heads as dictated by ISO 7206-10 [2]. (B) Depiction of the 
origin of failure during the ISO test [27]. (C) Picture of the ISO test [28]. 
A. B. C. 
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The procedure for the static compression test begins with cleaning the inner bore of the ceramic 
samples. The standard indicates that care should be taken to remove foreign materials on either 
the head or the stem as these may adversely affect the results of the test. Next, the stem is inserted 
into the bore of the head and mounted onto the metal conical surface. The load frame is then used 
to apply an initial impaction force of 2.0 ± 0.2 kN at a rate of 0.5 ± 0.1 kN per second. This 
simulates the force used by a surgeon to mount a head onto a stem prior to implantation and 
ensures a good fit between the components. Appropriate safety precautions are then described for 
the event in which fragments from a failed head become dangerous projectiles. At this point, the 
head is then loaded with a vertical compressive force directed through the dummy stem as shown 
in Figure 6. This force is applied at a rate of 0.5 ± 0.1 kN per second until the maximum desired 
load has been reached or the head fractures. Following the test, the stem is removed, and the 
ceramic is examined on the taper and outer surface for signs of material failure. The maximum 
load sustained is then recorded along with the manufacturer’s name, the dimensions of the head 
and taper, as well as the material composition. Along with this, the standard indicates that the 
same data should be reported for the dummy stem used in the test. Together, these guidelines 
encompass the standardized method for compression proof testing ceramic femoral heads [26]. 
3.6.2. FDA Proof Testing Requirements 
In the Guidance Document for the Preparation of Premarket Notifications for Ceramic Ball Hip 
Systems written in 1995, the FDA provides a set of strict guidelines which dictate the minimum 
mechanical performance and material standards for ceramic femoral heads [10]. Legally, the FDA 
classifies these implants Class II Medical devices which require a completed 510(k) premarket 
notification prior to gaining premarket approval (PMA). To do so, manufacturers are required to 
supply the results of their mechanical proof testing.  As previously mentioned, the department 
indicates that manufacturers must perform a proof test in accordance with the ISO 7206-10 
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procedure described in section 3.5.1. Consequently, they must randomly select 5 ceramic heads 
from a production batch for the static compression proof test. During the test, the department 
states that the magnitude of the axially applied compressive load at failure must be reported. 
Moreover, the average component fracture load must be greater than 46 kN, and none of the 
tested ceramic samples may fail at a load less than 20 kN [10].  
Additionally, manufacturers must also randomly select another 3 heads for a cyclic compression 
proof test.  This cyclic test is also set up following the procedure of ISO 7206-10 but instead it 
requires that the ceramic heads undergo cyclic axial loading. First, the heads must be aged in a 
37ºC solution that models body fluids for a period of four weeks. Then the heads must be loaded 
from 1.4 kN to 14 kN in a total of 10
7
 loading cycles. Following this cyclic test, the samples must 
be fractured in the static compression test. The criteria for success is that no head cracks or 
fractures during cyclic loading, and none fail under a load less than 20 kN in the subsequent 
compression test [10]. All ceramic head designs currently marketed in the US have passed at least 
these minimum criteria for mechanical performance, and are considered to have a low fracture 
potential. 
3.7. Alternative Mechanical Proof Testing Methods 
Although the ISO testing method is the most commonly used and referenced procedure for 
verifying the strength of ceramic heads, a number of other proof tests have been developed and 
published. One major problem that arises in the standard static compression test is in the analysis 
of the taper surface of the ceramic samples. In the standard test, damage often occurs on this 
surface due to the dynamic contact made with the dummy stem [2, 3]. As such, the alternative 
procedures attempt to improve on this through a variety of techniques. Some of these methods are 
close variations of the standard, while others are completely separate. However, each of these is 
similar in that they attempt to produce loading conditions that would be experienced by ceramic 
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heads while implanted.  Consequently, all of these tests utilize some method of applying a load to 
the inner bore of the ceramic components. This is necessary to produce comparable stress 
distributions to the standard method and to be considered physiologically relevant [4]. Proof tests 
that create stress fields that are not concentrated on the area of contact between the metal stem 
and the ceramic taper, do not accurately represent the in service stress experienced by these 
components.  
3.7.1. CeramTec Proof Test 
The first proof test to be patented was filed in the German patent office in 1995 by CeramTec 
under the title, Apparatus for Testing of Ceramic Hip Joint Balls [29]. This patent describes a 
proof testing method in which the inner bore of a ceramic head is subjected to a fluid pressure. 
The fluid contacts the taper of the head by entering through a hollowed stem and is trapped only 
along the vertical region by two fluid seals. During the test, an external constraint contacts the top 
outer surface of the head and holds the sample on the stem. This proof test has been used to test 
the burst strength of ceramic heads and produces fractures that are analogous to fractures 
observed in vivo and in the standard compression test [2, 14]. Additionally, the manufacturer 
reported that a pressure of up to 150 MPa was required to fracture CeramTec heads produced 
prior to 1998 [14]. Although the fracture modes of ceramics in this test are confirmed by multiple 
sources to be physiologically accurate, no analysis has been published showing the induced stress 
distributions. Using the measured fracture stress of the tested heads, CeramTec’s engineers 
iteratively determined the appropriate nondestructive proof testing load for new samples. 
Drawings of the patented device and the method of pressure application are displayed in Figures 
7A and 7B respectively. 
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Figure 7: (A) Graphic depicting the first patented ceramic femoral head proof test produced by CeramTec 
in 1995 (Figure adapted from Figure 1 in the patent disclosure in reference [29]) . (B) Radial application of 
pressure to the ceramic taper [14]. 
3.7.2. Saphirwerk Proof Test 
A second proof testing patent belonging to the Swiss company Saphirwerk Industrieprodukte AG, 
was filed in the European and United States patent offices in 2004 under the title, A Test Device 
for Femoral Head Prosthesis [30].  This patent is similar to the CeramTec patent in that it is also 
controlled by fluid pressure which loads ceramic heads through a hollow dummy stem.  The 
samples are again mounted on the stem and secured by an external constraint which contacts the 
superior outer surface of the samples. However, the taper of the ceramic is never directly in 
contact with the pressurized fluid. Instead, Saphirwerk designed their system to have 
hydraulically controlled pistons on the dummy stem. During the proof test, these small actuators 
are pressurized and extend laterally to apply a radial pressure on the ceramic taper [2]. A sketch 
of the setup from the patent disclosure is provided in Figure 8. After the test is completed, the 
pressure is relieved and the head can easily be removed from the dummy stem without causing 
posttest damage. While this method does apply a load to the appropriate area of the ceramic taper, 
the current literature does not reflect any published results of this proof test for verification. 
 
A. B. 
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Figure 8: Graphic of the Saphirwerk’s patented ceramic head proof testing device. The blue areas represent 
the path of the hydraulic fluid which enters and pressurizes the two actuators on the ceramic taper (Adapted 
from Figure 1 in the patent disclosure in reference [30]) . 
3.7.3. Metoxit Proof Tests 
Currently, there are also two non-patented proof testing methods that have been developed by 
Saphirwerk’s sister company, Metoxit AG. The first of these procedures was published in 2003 
and combines ideas from the ISO standard and CeramTec’s patented proof test. The test setup in 
particular has a number of similarities to the standard. The ceramic head is coupled with a 
dummy stem that is used to apply a load to the vertical taper of the sample. The head is also 
contacted on the outside with an UHMWPE cup which models the acetabular liner. However, this 
test is slightly more complex than the standard as the dummy stem is used to apply two different 
loads to the ceramics. During the test, the stem produces the standard axial load through the 
center of the head, while simultaneously applying a radial fluid pressure onto the taper [3]. The 
fluid pressure is made possible through the addition of a hollow polymer sleeve which covers the 
superior end of the metal dummy stem. When the pressure was applied, the plastic sleeve would 
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deform outwards and load the ceramic taper. An axisymmetric model of the testing setup is 
shown in Figure 9. 
 
 
Figure 9: An axisymmetric model of Metoxit’s ceramic head proof test [3]. 
The purpose of the radial pressure  through the plastic sleeve was to minimize the probability of 
contact damage between the testing device and the ceramics [3]. In doing so, the magnitude of the 
axial load applied through the dummy stem was also significantly decreased. The researchers 
determined the appropriate proof testing load by considering the probability curves of a 
component’s fracture load and a normal physiological load. These probabilities were assumed to 
follow a Weibull and Gaussian distribution respectively [2, 3]. The overlapping area of the curves 
was assumed to be the probability of an in vivo fracture case, and was used to select the proof 
testing loads of 5kN and 60 MPa. The probability distributions and resulting proof testing load 
are displayed in Figure 10A.  
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Furthermore, Metoxit validated the proof test through two methods. As a reference case, the 
researchers first constructed the standard proof test and performed iterations with three strain 
gauges attached to the heads. The placement of these gauges on the surface of the samples is 
displayed in Figure 10B. They then constructed and ran the alternative proof test with strain 
gauges placed in the same positions. Next, they modeled both tests in an FEA to obtain the 
theoretical results of both tests. These FE models are discussed in further detail in section 3.7.  
The load and strain data collected during both experiments were compared to the results of the 
FEA. The ISO standard proof test produced strain gauge measurements that were within 12% of 
the FE predicted values indicating a high degree of accuracy in the FE model [3]. The model of 
the alternative test however, produced much less accurate results when compared to the strain 
gauge data. This problem was attributed to incorrect assumptions that were made to describe the 
interaction between the head and testing device. As such, the solution was considered to be 
unreliable. In light of this, the FE model was redesigned in order to improve the results of the test. 
Yet in the end, this proof testing method was eventually abandoned due to the unpredictable 
deformation of the plastic sleeve, the inability to apply a total load of 20 kN, and a high cost of 
operation [2]. 
 
  
Figure 10: (A) The intersection of the Gaussian distribution and the Weibull distribution used to determine 
the proof testing load and (B) the strain gauge placement on ceramic samples tested in Metoxit’s proof test 
[3]. 
A. B. 
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The second Metoxit proof test was published in 2009, and again was a variation of the ISO 
standard test. In this procedure, the researchers designed a novel trunnion in another attempt to 
reduce the contact damage on the ceramic heads [2]. The trunnion was made with a metal core 
connected to a steel tie bolt. This structure was then mounted through a plate fixture using a steel 
collar and a superiorly located UHMWPE plastic collar. The plastic collar contacted the ceramic 
samples in the critical loading region along the vertical taper. As in the standard method, the 
superior outer surface of the samples was contacted by a 100º conical surface. A sketch of the test 
setup is displayed in Figure 11A. The proof testing method involved first applying a compressive 
axial load of 3 kN through the 100º cone onto the superior portion of the head. While this load 
was kept constant, the trunnion was then subjected to a tensile load through the tie bolt 
connection. Depending on the size of the sample’s taper, this load was either 12.5 kN or 16 kN. In 
doing so, the UHMWPE sleeve was pressed against the steel collar resulting in an expansion of 
this component. This elastic deformation effectively applied a radial load on the ceramic taper 
while the tensile force was engaged. At the conclusion, the samples were able to be removed 
without structural damage indicating that the proof test was successful. 
 
  
Figure 11: (A) Sketch of the second proof test developed by Metoxit and (B) the strain gauge placement on 
ceramic samples during the experiment [2]. 
A. B. 
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Again, Metoxit utilized strain gauges to collect physical data during the test and also performed 
an FEA of the experiment. Specifically, the FE model was used to determine the magnitude of the 
tensile load that would be applied during the test. Using the ISO standard FE model as a reference, 
the researchers used an iterative process to increase the tensile force until the maximum principal 
stress modeled in the head, at 146 MPa, was higher than in the standard [2]. Unlike the previous 
test design, the strain data collected and the FEA results showed a high degree of similarity 
although no statistical tests were reported. Furthermore, the stress distribution determined by the 
FEA was also comparable to the distribution produced in the standard. These outcomes were a 
result of improved modeling conditions and assumptions which are further examined in section 
3.7. Overall, this test was considered to be both repeatable and successful. As a result, this design 
was implemented as a manufacturing safety control for Metoxit’s ceramic heads [2]. The 
company had also experimented with a third proof testing design. In this procedure, ceramic 
heads were loaded in an asymmetric manner to better simulate in vivo conditions [28]. Yet, like 
the first test, this method was abandoned as it was unable to produce accurate and reproducible 
results. 
3.8. Finite Element Models of Ceramic Femoral Heads 
Finite element analysis is a powerful analytical tool that allows for the calculation of the 
distribution of mechanical stress in objects subjected to various loading and boundary conditions.  
FEA is performed through the use of software packages that incorporate computer aided design 
(CAD) modules. These programs allow users to accurately model situations of interest and 
determine how specific materials will respond. Ceramic femoral heads have been the subject of 
numerous finite element models examining a variety of different loading scenarios.  Some are 3D 
showing the entire structure of the head, while others are planar 2D models. The symmetrical 
geometry of ceramic heads allows for the 3D models to be simplified to a 2D axisymmetric 
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condition. Accordingly, the surface constructed in the axisymmetric model, represents a geometry 
that is consistent throughout the spherical component. Therefore, the stress fields that are 
calculated in the 2D model are analogous to the entire 3D component when it is revolved 360º 
about the center axis.  
Finite element models have been integral to the design and mechanical improvement of ceramic 
heads. The use of FEA has allowed manufacturers to determine the locations in the material that 
experience the highest levels of stress. These are the areas at the greatest risk for fracture under 
extreme loading conditions. Using FEA results, the structural design of ceramic heads has been 
optimized through constructional variations that minimize stress risers and decrease the 
likelihood of fracture.  Specifically, manufacturers have increased the material strength along the 
critical surface area of the vertical taper [4]. Additionally, FE models have also been created to 
compare proof testing and in vivo conditions experienced by these components. In doing so, the 
physiological accuracy of the stress distributions created during these tests can be either verified 
or refuted. Such models have been used to improve the design of proof tests, and thereby, 
increase the reliability of ceramic heads.   
3.8.1. In Vivo Models 
In vivo conditions can be problematic for FE modeling due to the number of different parameters 
and interactions that can be considered. Generally, these models employ a variety of assumptions 
to help simplify calculations.  In THA systems, some of these complex interactions include the 
interface between the native bone and the implant, the coupling of the various implant pieces, the 
articulation of the femoral head in the acetabular liner, and the presence of the surrounding soft 
tissue and body fluids. When examining the properties of ceramics in THAs, these conditions are 
often simplified. The attachment of the implants to the bone tissue is often considered to be rigid 
as is the coupling of the implant components. Moreover, local soft tissues and fluids are rarely 
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considered despite their corrosive nature and effect on joint lubrication. These generalizations 
allow for FE studies to focus on the mechanical interactions and resulting material responses of 
various loading scenarios. 
 
 
Figure 12: XFEM model of an implanted COC system experiencing an impingement loading condition [15]. 
Although few models attempt to present a complete look at the in vivo THA scenario, a recent 
University of Iowa study attempted to recreate an implanted COC system using new FEA 
technology. The researchers evaluated the stresses in the ceramic components to locate the areas 
where a fracture may occur. Beyond this, they were also able to predict the method of crack 
propagation through a ceramic liner. In one capacity, their simulation used an extended finite 
element analysis (XFEM), which is primarily used to model the effects of crack growth in 
materials. Furthermore, the group went one step further and created a co-simulation analysis. This 
allowed the surrounding tissue to be modeled in parallel with the interactions occurring between 
the implant components. Specifically, the analysis focused on the effects of an impingement 
37 
 
scenario, where contact was made between the femoral stem and the ceramic liner. A picture of 
the experimental model is shown in Figure 12. After determining the fracture origin on the liner 
and its propagation path, they then modified the positioning of the implant in the modeled tissue. 
This was done to find the best possible 3D orientation of each of the implanted components to 
prevent a fracture [15]. Overall, this co-simulation FEA accounted for a variety of in vivo 
interactions to give a relatively accurate picture of the stress distributions occurring in an 
implanted COC system. 
3.8.2. Proof Testing Models 
FE models of ceramic head proof tests are more common than in vivo models for two primary 
reasons. First, the conditions of a proof test are designed to be controlled, and thus, are easier to 
model. Second, the stress distributions created during the standard test method are considered to 
sufficiently represent an in vivo loading scenario. In general, proof tests use a manageable number 
of material interactions, and specifically designed boundary conditions. For example, the ISO 
standard test involves two interactions: the interface of the ceramic taper and the metal trunnion, 
as well as the outer surface of the ceramic and a rigid metal contact. The interactions in this case 
are manageable and easy to identify. At the same time, the results of this test are physiologically 
accurate. Therefore, modeling an entire implant in vivo is usually not necessary for ceramic heads. 
For this reason, manufacturers design proof tests and validate them with FE methods to ensure 
that they that create stress fields comparable to those created in the ISO static compression test. 
In particular, Metoxit’s engineers have published a comprehensive FEA of the standard proof test 
on two separate occasions. In both cases, the researchers constructed an axisymmetric model to 
be used as a reference condition. The results of this FEA were then compared to axisymmetric FE 
models of the two proof tests described in section 3.5.6.  The model of the standard case, 
displayed in Figure 13A, included the dummy stem, the ceramic head, and the conical metal 
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constraint. The materials were all considered to be elastic and were modeled in the software with 
an appropriate Young’s Modulus and Poisson’s ratio. Aside from these, the researchers also 
included parameters for the contact mechanics between the ceramic head and the metal test 
equipment. Accordingly, a range of friction coefficients for these surfaces was estimated from 
physical material tests and included using a penalty calculation in the analysis [3]. As directed by 
the standard, the load was applied through the stem to create the test conditions shown in Figure 
13A. The solution of this FEA resulted in the stress distribution that is displayed in Figure 13B; 
red to blue color transition indicates the transition from high to low stress values. As expected, 
the results clearly show that the highest stress is present on the ceramic taper where contact is 
made with the superior portion of the stem. This simulation was repeated with axial loads of 5, 10, 
14.2, 20, and 30 kN. From the results, the researchers determined the induced strain in the heads 
at specific locations. They then compared these results with the actual strain measured in the 
heads.   As previously stated, they found that the FE model results were within 12% of the 
experimental measurements, thus validating the accuracy of their model. 
 
  
Figure 13: (A) Axisymmetric FE model and (B) the resulting principal stress distribution of a ceramic head 
under the conditions of the ISO 7206-10 proof test [3]. 
A. B. 
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Following this, Metoxit then developed three other FE models of proof test configurations which 
were compared to the results of the standard compression test FEA. First, they created a 3D 
model in which a ceramic head was loaded asymmetrically. This non-uniform loading condition 
was used to simulate a physiological situation in which the head experienced a force at an angle 
from its center axis. As a result, this load produced a corresponding asymmetric stress distribution 
along the taper area [3]. However, the researchers sacked this proof test method as creating a 
reliable asymmetric loading experiment proved to be arduous. Furthermore, they concluded that a 
comprehensive proof test should load the entire critical taper area to ensure that no defects are 
present throughout this region of the ceramic [3] . 
 
  
Figure 14: The principal stress distributions in Metoxit’s proof test which combined an axial force and fluid 
pressure (A) before and (B) after design optimization [3].  
The subsequent Metoxit FE models were based off of the procedures described in section 3.5.6. 
As previously stated, both methods attempted to reduce the probability of damaging the tapers of 
ceramic samples by using plastic trunnion components. Similar to the standard compression test, 
the two FEAs were constructed from axisymmetric models. In the first, the ceramic heads were 
A. B. 
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loaded with an axial force of 5 kN applied by the trunnion through the center of the head. At the 
same time, a radial pressure of 60.0 MPa was also applied through a deformable hollow plastic 
sleeve on the trunnion. The results of the initial FEA are displayed in Figure 14A, which shows a 
stress distribution that is dissimilar to that of the standard model. In this model, the highest stress 
concentration does occur on the vertical ceramic taper, but it extends downward to the base of the 
head. The researchers also found that their FE results had a poor correlation with strain 
measurements taken during the test. The discrepancies in the data sets were caused by the 
assumptions made regarding kinetic interaction between the head and the trunnion. Primarily, the 
geometry of the head and the friction coefficient used in the analysis were both incorrect. 
Consequently, the test configuration was remodeled so that the fluid pressure was applied at a 
greater magnitude and on a more superior area of the taper [3]. The results of this optimization 
are displayed in Figure 14B and correspond well to the stress distribution created in the standard 
test FEA. Yet the modifications to the plastic sleeve were unrealistic for the proof test, and would 
require consistent replacement of the material. 
Similarly, Metoxit performed a second FEA of their improved proof test design in 2009. In this 
model, the engineers first applied a compressive force through the superior outer surface of the 
ceramic heads. A tensile force was then applied through the trunnion extending into the ceramic 
taper. This trunnion was modeled as having a metal core surrounded by a solid UHMWPE plastic 
sleeve. In addition, a rubber disk was also modeled between the head and the trunnion to ensure 
separation from the bottom of the taper. Friction coefficients were defined at each of the contact 
surfaces in the model. Again, the axisymmetric stress distribution of their proof test model was 
compared to that of the standard test. As shown in Figure 15, the stress created in the proof test 
directly correlated to the conditions created in the reference [2]. This FE model greatly improved 
on the previous analysis, as the frictional coefficients and material interactions were modeled 
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with a higher degree of accuracy. Moreover, FEA has been used to characterize the results of 
Metoxit’s ceramic head proof test for their production line [2].  
 
 
Figure 15: (A) The principal stress distribution created in ceramic heads in Metoxit’s 2009 proof test as 
compared to (B) the distribution create in the standard proof test [2]. 
3.8.3. Design Optimization Models 
Another important use of ceramic femoral head FE models has been to optimize structural 
designs. For example, Metoxit has published the results of an FEA in which the geometry at the 
deepest section of the taper was examined. In particular, the study focused on the junction of the 
horizontal and vertical taper surfaces. In ceramic heads, this feature can experience high levels of 
stress if incorrectly constructed. Ceramic heads that have a sharp corner at this point will display 
heightened stress fields in this area. The corner feature acts as a stress riser when the material of 
the taper suddenly changes direction. As a result, Metoxit developed two axisymmetric FE 
models to improve the material construction in this region. The first was again the ISO standard 
compression test, while the second used similar conditions but incorporated asymmetrical loading. 
A. B. 
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Thus, improved structural designs were formulated for each loading scenario. Each of these 
effectively decreased the local stress at this feature. Then, a third compromise design was 
developed to incorporate the results of both tests into a single solution. This design was analyzed 
and showed a reduction of about 25% in the magnitude of stress at the bottom of the ceramic 
taper [28]. Due to FE studies such as this, modern ceramic heads are designed with a rounded 
feature at the base taper to eliminate a potential stress riser. 
A second FEA optimization was performed on a prototype ceramic hip resurfacing implant in 
New Zealand. Currently these artificial joints are not available in the US, and a picture of this 
implant is displayed in Figure 16. These implants are constructed by fastening an artificial 
femoral head component to the native femur without the use of a traditional femoral stem. Instead, 
these implants require that only a portion of the native femoral head be removed. Then, a metal 
tray with a small trunnion is anchored to the femur. The ceramic head surface is then fit onto the 
trunnion as in a normal THA implant. These procedures are beneficial in that they remove less 
bone tissue and can also use larger hemispherical shaped femoral heads. This particular study 
examined different design ideas for the taper of the ceramic head [31]. 
 
 
Figure 16: Diagram of a ceramic hip resurfacing implant [31]. 
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This FEA was used to determine the maximum principal stresses in six constructional variations 
of the taper. In addition, the models were created to simulate the ISO standard compression test 
conditions. However, one variation was employed in the use of UHMWPE as the external 100º 
contact surface instead of steel. The findings of this study primarily indicated that the taper 
should have a smooth circular transition at the junction of the vertical and horizontal regions [31]. 
As in previous studies, the ceramic taper was identified as the region experiencing the highest 
stress concentrations during loading. As a result, FE models were used to find the optimal ratio of 
taper width to taper depth. By varying the size of these two parameters in the FE models, the 
study determined that the ratio should be approximately 0.43 taper width to depth. Smaller ratios 
were found to increase the hoop stresses created throughout the head due to the significant 
decrease in the taper’s surface area. Likewise, larger ratios had the same effect but as a product of 
the decreased overall thickness of the ceramic [31]. These FE findings were experimentally 
confirmed and again show the applicability of FEA to ceramic head design optimization. 
3.8.4. Summary of Model Shortcomings 
Despite the advancements made possible by FE modeling, there are a number of commonly 
reported inaccuracies in ceramic head FEAs. Undoubtedly, these models are generally effective at 
qualitatively determining high stress regions and improving structural design. Yet, many of these 
models contain simplifications and assumptions that decrease the reliability of their quantitative 
results.  
One common inaccuracy has been the representation of the geometry of the ceramic taper. 
Unfortunately, the design of this structure is the proprietary information of the implant 
manufacturers [4]. As such, many studies estimate the actual shape and misrepresent critical areas. 
In addition, studies that examine the standard compression loading case often do not consider 
differences in the geometry between the stem and head taper. Although ceramic tapers have a 
44 
 
more sever angle than the stem to create the interlocking couple, most FE models represent these 
angles as equal [3, 4]. Boundary conditions are often not fully explained, and may be misused 
when components are rigidly constrained in a model. FE models require specific boundary 
conditions to produce a definitive solution. As such, they are at times applied erroneously to 
produce a desired result [4]. Also, there is a wide variety of linear elastic material properties that 
are used for individual ceramic materials. For example, in the current literature Poisson’s ratio 
values of 0.23 to 0.26 are used for alumina ceramic heads [2, 15, 31]. Lastly, the interaction 
between the trunnion and the ceramic in the standard proof test is often estimated by using a 
range of different friction coefficients. Once the analysis is complete, the coefficient producing 
the most accurate or desirable result is reported. [2-4, 28, 31]. This parameter in particular has 
been shown to have a significant effect on the results of ceramic head FEAs. Each of these 
potential inaccuracies can negatively impact the solution and detracts from the overall quality of 
the analysis. Contemporary FE models should therefore strive to improve the overall accuracy of 
the results by minimizing and clearly explaining assumptions. 
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4. DESIGN APPROACH 
4.1.  Hypothesis 
In response to the stated problem, a burst test for ceramic femoral heads can be designed to apply 
a high fluid pressure across the taper of the samples until failure. As such, this burst test will 
create negligible kinetic friction between the taper of the ceramic and the test device. Furthermore, 
using a FEA it will be capable of accurately and reproducibly measuring the failure strength of 
ceramic components used in THAs.  
4.2. Burst Test Design 
As stated, the burst test apparatus should be capable of applying a fluid pressure load to a ceramic 
head. Primarily, a pressure generator must be constructed with the ability to output regulated 
levels of fluid pressure. This generator must also be capable of producing a pressure high enough 
to fracture the ceramics. Previous studies that have employed a similar design have reported that a 
fluid pressure of 150 MPa was necessary to cause material failure in ceramic heads [14].  For this 
application, a manually operated laboratory pressure generator will be used. Such generators are 
operated by rotating a shaft that drives a piston, and are capable of producing pressures over 200 
MPa. This system will utilize high pressure valves and high pressure tubing to maintain control 
over the flow of pressurized fluid. 
An adaptive tool will then be constructed to transmit the fluid pressure to the taper surface of the 
ceramic head, while connected to the high pressure generator. To properly fit inside of the head, 
this pressure transmitting tool will be designed with a tapered trunnion mimicking a femoral stem. 
At the same time, the tool will seal the fluid pressure only across the taper region that would 
contact a metal stem during implantation. When implanted, femoral stems are not impacted 
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completely to the bottom of the ceramic taper, and as such, the pressure load will not be applied 
to this area. The tool will also be designed with an outflow channel to allow for air to be purged 
from the high pressure system. In doing so, the system will only be pressurized with water during 
the test to decrease the propulsion of dangerous ceramic fragment projectiles.  
Next, an external constraint will be added in order to fixate the ceramic onto the pressure 
transmission tool during pressurization. For this, a hydraulic actuator will be used to provide the 
appropriate reaction force. The surface on this actuator will also be modified into a recessed cone 
with a 100º angle. This contact will distribute the reaction force on the outer surface ceramic head 
in accordance with the previously mentioned ISO standard [26]. Along with this, a polycarbonate 
enclosure will be assembled as a safety precaution around the ceramic sample and the pressure 
transmission tool. Polycarbonate has excellent impact strength and will be used to contain the 
ceramic fragments after successful burst test. 
Following the assembly of the pressure generator and the pressure transmission tool, the next 
consideration is for controlling the rate of pressure increase during the test. This task will be 
fulfilled using a feedback system. To accomplish this, a digital pressure gauge capable of 
producing an output signal will be connected in series to the pressure generator. This will allow 
for the pressure in the system to be monitored on a computer in real time throughout the test. The 
output signal from the gauge will be processed by the computer and relayed as an input signal for 
a torsion motor. This motor will be coupled to the torsion shaft of the high pressure generator. 
Using the signal from the gauge, the motor will respond to the reported changes in pressure to 
control the pressurization rate of the test samples. The accepted loading rate as indicated by ISO 
for a ceramic femoral head proof test is 0.50 ± 0.10 kN per second [26]. The computerized 
feedback loop will allow for this standard rate to be maintained throughout the test. 
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The proposed setup should be capable of applying a fluid pressure at a controlled rate to generate 
a fracture type failure that is comparable to the ISO standard compression test. In doing so, the 
test equipment should not damage the taper surfaces of the ceramics. Moreover, similarly 
designed proof tests have also been shown to create failures that are representative of those 
occurring during in vivo implantation [2, 14]. Overall, the test should be constructed according to 
the flow diagram in Figure 17.   
 
 
Figure 17: Flow diagram depicting the proposed test design.  
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4.3. Finite Element Model Construction 
Using SIMULIA’s Abaqus software, a finite element model of a ceramic femoral head will be 
developed. Since these ceramic components are effectively spherical, an axisymmetric model of a 
planar cross section of the head will be used. This model will be used to accurately simulate the 
conditions of the burst test.  To create the model, accurate measurements are required to ensure 
that the geometry of the ceramic head’s taper is properly represented. This will be an 
improvement over FE models in which the geometry is portrayed inaccurately due to a lack of 
manufacturer information [4]. Measurements of the inner bore will be taken with precision 
calipers to ensure accuracy. The overall purpose of this model is to solve for the stress 
distributions and probable location of failure in the ceramic heads during testing.  
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5. MATERIALS AND METHODS 
5.1. Burst Test Setup 
A high pressure system was developed to load ceramic components using liquid pressure until 
failure. To do so, a laboratory high pressure (HP) generator (High Pressure Equipment Co.) 
capable of producing 206.84 MPa with 11.0 mL of water, was assembled as indicated by the flow 
chart in Figure 18. The pressure generator was connected in series with a digital HP pressure 
gauge, (Honeywell model JHX) as shown in Figures 18 and 19, to monitor the pressure in the 
system across two HP valves. The gauge was powered by a 30 VDC power supply at 60 mA. The 
HP valves directed the flow of water from the reservoir to the ceramic test specimen. The 
components were all connected using tubing and fittings rated to 206.84 MPa, except for the 
water reservoir which was connected to the inlet HP valve with plastic tubing as displayed in 
Figure 19. 
 
 
Figure 18: High Pressure (HP) system schematic. The lines connecting the components represent HP tubing, 
except between the water reservoir and the inlet HP valve where plastic tubing was used. The, “T’s,” 
stemming from components indicate valve handles.  
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Figure 19: Picture of the HP system containing an (A) HP generator connected in series to a (B) water 
reservoir, (C) HP valves, (D) digital pressure gauge, and (E) the test specimen. 
Next, the pressure transmission tool, was constructed from 316 grade stainless steel. This tool 
was attached using an HP tube and fitting at the location marked, “Test Specimen,” in Figure 18. 
The tool was constructed with two internal channels. One channel connected to the outlet HP 
valve, and was used to guide pressurized water into the inner bore of the ceramic heads. The 
opposite channel was used as an outflow passage and was externally sealed off by a high pressure 
cap. This cap provided a means for purging air from the HP system at the beginning of the test.  
The superior portion of the pressure transmission tool was designed in the shape of a femoral 
stem trunnion from a THA implant. Moreover, angle of the tool’s trunnion was made to fit the 
Stryker V40 standard taper size. This taper has a 5º40’00” angle which is often used in orthopedic 
implants [24]. The pressure transmission tool was also designed with grooves to accept two HP 
nitrile rubber O-ring fluid seals, one on the superior side and the other 7.44 mm inferior. These 
A. 
B. 
C. C. 
D. 
E. 
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seals were used to contain the water pressure across the vertical inner taper of the ceramics in the 
same area that would be contacted by the trunnion of a femoral stem during implantation. Figure 
20 provides a picture of the O-rings attached to the pressure transmission tool. The tool is 
mounted on a steel adapter plate which was used to secure the tool during the test. Appendix C 
contains a dimensioned CAD drawing of the designed tool. 
 
 
Figure 20: (A) Pressure transmission tool with (B) O-ring and mounted on (C) a steel adapter plate. 
The pressure transmission tool was then surrounded with a polycarbonate box having a wall 
thickness of 12.70 mm to contain the ceramic fragments upon failure. A hydraulic shop press 
(OTC), capable of producing 88.96 kN of compressive force with a rod actuator, was used to 
vertically constrain the ceramic samples on the pressure transmission tool. The actuator was fitted 
with a stainless steel collar that contacted the heads with a conical surface angled at 100º as 
displayed in Figure 21. The polycarbonate box was modified to allow the shop press and HP 
tubing lines to pass through the enclosure and connect with the pressure transmission tool as 
shown in Figure 22. 
A. 
B. 
C. 
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Figure 21: (A) CAD drawing and (B) picture of the collar attached to the hydraulic shop press. This 
provided a 100º conical contact surface for the ceramic test specimens during the proof test. 
 
  
Figure 22: Picture of (A) a metal femoral head seated on the (B) pressure transmission tool connected in 
series to the (C) HP valves and the (D) HP cap, constrained by the (E) shop press through the (F) 
polycarbonate enclosure. 
Finally, the HP generator was connected to a computer controlled horizontal torsional motor 
(ADMET) using a rigid shaft coupling as shown in Figure 23. The torsion motor was mounted 
onto two rails with ball bearing runners allowing the motor to translate laterally. This was 
necessary, as the pressure generator torsion shaft horizontally displaced 15.24 cm each time 
A. 
B. 
C. 
C. 
D. 
E. 
F. 
A. B. 
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pressure was applied or removed from the system. Therefore, the torsion motor was able to 
remain connected to the HP generator drive shaft during operation. In this manner, the torsion 
motor was used to control the rate of pressure increase in the system. The digital pressure gauge 
provided a 0-5 VDC output signal directly proportional to the detected level of pressure in the HP 
system. This output signal was connected to the software platform MTestQuattro, which was used 
to direct the action of the torsion motor. The gauge data was used as an input channel for the 
torsion shaft. This signal, directed the motor to rotate at a rate that would increase the pressure in 
the system at a loading of 0.50 ± 0.10 kN per second. 
 
 
Figure 23: Picture of the (A) torsion motor connected to the shaft of the (B) high pressure generator with a 
(C) rigid shaft coupling. 
A. B. C. 
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5.2. Femoral Head Components 
Two new ceramic femoral heads, provided by CeramTec, were tested in the designed burst test. 
These heads were composed of alumina from the BIOLOX Forte product line, and each had a 28 
mm diameter. Alumina was chosen for the pilot tests, as it has the weakest mechanical strength. 
Both heads also had a Stryker designed V40 sized taper to match the taper angle on the designed 
pressure transmission tool. Testing identification numbers were assigned to the ceramics used 
during the test using the following notation: CeramTec = C; Alumina = A; Number = 1-2. 
Therefore, the two test specimens were identified as CA1 and CA2. Along with these ceramics, 
one 32 mm metal CoCr head, also having a V40 taper, was used to verify the functionality of the 
proof test.  
5.3. Burst Test Verification 
With the burst test assembled according to section 5.2, a verification procedure was performed. 
This was done by pressurizing a CoCr femoral head to ensure that no leaks were present, and to 
prove the competency of the O-rings. To do so, the fittings of the HP system were first tightened 
with 25 foot pounds of torque as per the manufacturer’s instructions. A metal femoral head was 
then pressed onto the trunnion of the pressure transmission tool, and covered by the 
polycarbonate enclosure. The hydraulic rod actuator with the attached conical surface collar was 
lowered through the superior opening in the polycarbonate box until contact was made with the 
metal head as seen in Figure 22. The actuator was depressed until the head was seated completely 
on the stem. The safety checklist provided in Appendix A was then completed. 
The horizontal torsion shaft was then coupled to the pressure generator. Using the computer 
interface, the motor was directed to rotate at a rate that was proportional to the increasing signal 
relayed from the digital pressure gauge. Using this method, the torsion shaft was calibrated to 
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increase the load at a rate of  0.50 ± 0.10 kN per second as directed by ISO 7206-10 [26]. The 
surface area of the ceramic taper across which the water pressure was applied was calculated to 
be 295.960 mm
2
 indicating that the pressure should be increased at a rate of 1.69 MPa ± 0.34 
MPa per second. These calculations are shown in Appendix B.  
Pressurization of the metal head began by opening the inlet HP valve and closing the outlet HP 
valve. Water was then drawn into the pressure generator by turning the generator shaft 
counterclockwise for 84 revolutions. In doing so, the shaft and attached torsion motor had 
retracted a distance of 15.24 cm while drawing in 11.0 mL of water. Next, the inlet HP valve was 
closed and the outlet HP valve, connected to the pressure transmission tool, was opened. At this 
time, the HP cap that was connected to the pressure transmission tool outlet channel was removed 
to allow air to be purged from the system. The generator shaft was then turned clockwise until 
water began to flow from the uncapped outlet, and the HP cap was then reconnected. The 
MTestQuattro software was programmed to apply pressure at this rate up to 172.37 MPa. The 
program was executed to confirm that no leaks were present in the HP system. The pressurization 
rate was calibrated through analysis of the pressure data that was collected during this procedure. 
5.4. Burst Testing Method 
Following the leak test, the burst test was conducted. A ceramic head was selected and pressed 
down onto the trunnion of the pressure transmission tool. The hydraulic actuator with the attached 
conical surface collar was lowered through the polycarbonate enclosure until contact was made 
with the superior portion of the ceramic. The inlet HP valve was then opened and the outlet HP 
valve was closed. The testing checklist in Appendix A was then completed before testing the 
sample. Water was drawn in and air was purged from the system in the manners previously 
explained. Using the burst test procedure in the MTestQuattro, the pressure in the head was 
increased until failure. In this case, the program was directed to pressurize the system up to a 
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maximum of 206.84 MPa. At that point, the torsion motor was stopped as the water pressure 
dissipated from the system. At this time, the maximum sustained pressure was recorded in the 
testing checklist, the pressurization rate was calculated, the ceramic fragments were collected, 
and the posttest specimens were photographed. 
5.5. Finite Element Preprocessing 
5.5.1. Ceramic Femoral Heads 
Using Abaqus v6.11 (SIMULIA), an axisymmetric deformable FE model was developed with the 
2D cross section modeled as a homogeneous solid by shell type elements. To accurately represent 
the geometry, one new 28 mm ZTA ceramic head provided by CeramTec was sectioned in half as 
depicted in Figure 24A. This head was then positioned onto the pressure transmission tool, as 
shown in Figure 24B, to measure the exact geometric features of the taper in reference to the 
testing device. A CAD image of the ceramic head mounted on the tool is shown in Appendix D. 
 
  
Figure 24: (A) Cross section of a new 28 mm diameter ZTA ceramic head. (B) The sectioned head mounted 
on the pressure transmission tool, depicting the area across which the water pressure is applied during the 
test. 
A. B. 
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The measured dimensions of the ceramic taper were translated into the axisymmetric FE model 
shown in Figure 25. Once the drawing was complete, material properties were added to the model 
for three different types of ceramic. Material properties for ZTA, zirconia, and modern alumina 
were each used in the model. The material data input for each of these ceramics is presented in 
Table 2.   
 
 
Figure 25: The axisymmetric section sketch of a V40 28 mm ceramic femoral head showing the dimensions 
of the entire feature. The critical surface area of the taper is represented in purple. The dimensions are 
represented in millimeters and directly correlate with measurements taken from a sectioned 28 mm head.  
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5.5.2. Conical Steel Contact  
A steel contact surface was modeled to mimic the function of the recessed cone that constrained 
the heads during the test. This part was also modeled as a homogenous axisymmetric solid section 
by shell type elements. As shown in Figure 25, the section was given a 50º angle from the y-axis 
to model half of the conical surface. Stainless steel material properties were then assigned to the 
model and are shown in Table 2. 
 
 
Figure 26: Sketch of the FE model used to represent the steel conical constraint in the designed proof test. 
Table 2: Material properties used for the ceramic heads and the steel constraint in the FEA. 
Material Young’s Modulus Poisson’s Ratio Density 
Stainless Steel 210 GPa 0.30 - 
Alumina 380 GPa 0.245 3.97 g/cm
3
 
Zirconia (Y-TZP) 210 GPa 0.27 6.10 g/cm
3
 
Zirconia toughened 
Alumina (ZTA) 
358 GPa 0.24 4.37 g/cm
3
 
59 
 
5.5.3. Loading, Boundary Conditions, Interactions, and Mesh 
An external boundary condition was created to constrain the ceramic head. This was 
accomplished using the model of the steel conical surface. In the model, the surface was 
positioned above the head so that tangential contact was made with the outer surface as shown in 
Figure 27. The superior horizontal edge of the surface was then constrained in all directions to 
simulate the reaction force that was applied through the rigid hydraulic shop press. Next, the 
contact between the ceramic and the steel surface was defined using the interaction module in 
Abaqus. The outer surface of the ceramic and the steel cone were then selected and were defined 
to be in general contact while exhibiting tangential contact behavior. Based on previously 
published recommendations, the Abaqus friction formula was selected as the penalty method, and 
the coefficient of friction between the surfaces was defined as µ = 0.2 [2]. The direction of 
frictional action was also defined to be isotropic for this contact. Both the boundary condition and 
the surface interaction were applied in the initial state step of the analysis. 
Next, the proof testing load was applied to the ceramic head model in the first state step of the 
analysis.  The load was designated as a mechanical pressure applied perpendicular to the taper 
wall between the two O-ring seals. In all, three separate proof testing loads were used. The first 
two loads were derived from the burst test results for samples CA1 and CA2. The maximum load 
recorded in each test was applied at the loading rates calculated from the test data. The third load, 
was applied to the model at a rate of 1.69 MPa ± 0.34 MPa per second for 122.32 seconds. This 
created the maximum system pressure of 206.84 MPa. This loading scenario was used on all three 
of the ceramic materials defined in Table 2. The pressurization rate was determined using the 
loading recommendation from the ISO standard, and the calculations used to find this value are 
presented in Appendix B. In total, 5 FEAs were performed. 
60 
 
The location of the pressure load was defined to be on 7.80 mm of the vertical surface of the taper. 
This measurement is shown specifically in Figure 25, while the load is represented by the pink 
arrows in Figure 27.  The vertical lengths of the O-ring grooves were modeled as 2.42 mm; this is 
also displayed on the pressure transmission tool in Appendix C. The bottom groove was 1.18 mm 
superior to the beginning of the 5º40’00” taper angle while the top groove was 1.18 mm inferior 
to the end of taper. During the test, the O-rings would at minimum, vertically compress to a 
length of approximately 2.17 mm due to the applied pressure. Based on this, the minimum 
vertical separation between the compressed seals was determined to be 7.80 mm. 
For each of the FEAs, the initial and maximum solution increment sizes were set at 1 second, and 
the minimum solution increment size was set at 10
-5
 seconds. The maximum number of solution 
increments at any step during the analysis was set at 10
4
. Based on previously published 
recommendations, the analysis was defined to be nonlinear to account for the effects of large 
nonlinear changes in the model’s geometry [2, 3, 28].  
The ceramic head and steel parts were then overlaid with an axisymmetric mesh as shown in 
Figure 28.  For the head, the mesh element chosen was the CAX4R quadrilateral axisymmetric 
stress elements. The mesh was refined along the pressure loaded taper region and at the point of 
contact with the steel constraint. This was done to provide a more accurate solution in these two 
critically stressed regions. On the other hand, the steel constraint was meshed with the less 
accurate CAX3 triangular axisymmetric stress elements. This part was also only meshed with 
only 5 stress elements due to element constraints in the software version used for this analysis. 
When meshed, the two parts contained 939 nodes and 987 axisymmetric total stress elements 
with no elements producing shape warnings. With the mesh in place, a full FE analysis was 
performed using the Abaqus/Standard solver.  
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Figure 27: Loading and boundary conditions used in the designed FEA. 
  
Figure 28: The axisymmetric mesh generated for the stress analysis. 
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6. RESULTS  
6.1. Burst Test 
6.1.1. Alumina Samples CA1 and CA2 
First, a CoCr head was pressurized up to 172.37 MPa without producing any problems in the HP 
system. Following this test, two new alumina ceramic heads from CeramTec’s BIOLOX Forte 
product line were selected as test specimens. The pressure applied to the samples during each test 
was measured by the digital pressure gauge and logged in the MTestQuattro system. This 
program recorded the pressure in the test system as a function of time. Although the test was able 
to fracture both samples, neither head failed under the first load that was applied. This was not 
due to the strength of the heads, but rather because of water leaking passed the lower O-ring 
during the test. In these cases, the pressure was removed from the heads and the O-rings were 
changed to improve the fluid seal. Moreover, visual observations of the test set up indicated that 
the hydraulic actuator was retracting slightly in each of the failed trials. This was an indication 
that the force provided by this equipment was less than the vertical force of the fluid pressure 
acting on the ceramic taper. To combat this issue, the hydraulic pressure in the actuator was 
systematically increased prior to the loading cycles to produce a sufficient reaction force. This 
method was used during the trials that applied pressures greater than 100 MPa. In total, sample 
CA1 was loaded 14 times before failure, while the sample CA2 was loaded 3 times. In the two 
successful trials, no movement of the testing equipment was observed. The maximum pressures 
achieved during the separate loading cycles are displayed in Table 3. 
The pressure data collected during the two loading cycles in which the ceramic samples fractured 
are displayed in Figures 29 and 30. In both figures, a linear increase in the system pressure is 
observed. This linear region is denoted in Figures 29 and 30 by the red and green data points 
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respectively. A linear regression was performed for both data sets to quantify the rate of pressure 
increase, and to determine the degree of linearity.  
Table 3: Pressures applied to the two alumina ceramic heads during the burst test trials. 
ALUMINA SAMPLE CA1 
Loading Cycle  Maximum Pressure (MPa) Fracture (Y/N) 
1 62.05 N 
2 68.95 N 
3 75.84 N 
4 76.53 N 
5 72.39 N 
6 58.61 N 
7 61.71 N 
8 63.43 N 
9 84.81 N 
10 79.29 N 
11 68.95 N 
12 140.38 N 
13 167.34 N 
14 191.86 Y 
ALUMINA SAMPLE CA2 
Loading Cycle  Maximum Pressure (MPa) Fracture (Y/N) 
1 126.94 N 
2 154.46 N 
3 192.60 Y 
 
For sample CA1, a pressure of 191.86 MPa was applied to the ceramic at the point of failure. This 
pressure translates to a load of 56.73 kN applied perpendicular to the surface of the ceramic taper 
between the two O-ring seals. This load has a vertical component of 2.80 kN and a horizontal 
component of 56.66 kN. The calculation of these forces is presented in Appendix B. As 
represented in Figure 29, the rate of pressure increase over the linear region was 1.96 MPa per 
second. This rate falls within the defined criteria range of 1.69 MPa ± 0.34 MPa per second. 
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Furthermore, the regression line is characterized by an R
2
 value of 0.9965, indicating a high 
degree of linearity.  
 
 
Figure 29: Pressure as a function of time that was achieved in the successful burst test of sample CA1. The 
linear region, shown in red, was used to determine the rate of pressure increase during this test. The 
equation of the linear regression line and the corresponding R
2
 value are displayed in the figure legend. 
For sample CA2, a slightly higher pressure of 192.60 MPa was applied to the ceramic in the third 
loading cycle when a fractured occurred. In this case, a force of 56.95 kN was applied 
perpendicular to the surface of the ceramic taper. This load is composed of a vertical force of 2.81 
kN and a horizontal component of 56.88 kN. The calculation of these forces is also shown in 
Appendix B. The regression equation in Figure 30 shows that linear rate of pressure increase was 
1.80 MPa per second. Using the MTestQuattro system, the rate was decreased slightly for the 
second sample to be closer to the guideline of 1.69 MPa per second. Again, a high R
2
 value of 
0.9966 demonstrates a high degree of linearity in the pressure increase rate.  
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Figure 30: Pressure as a function of time that was achieved in the successful burst test of sample CA2. The 
linear region, shown in green, was used to determine the rate of pressure increase during this test. The 
equation of the linear regression line and the corresponding R
2
 value are displayed in the figure legend. 
Post-test photos were taken of the ceramic samples to show the fragments of the fractured 
components. These photos are displayed in Figures 31 through 33. Both tests produced more than 
20 large pieces that were collected along with numerous smaller ceramic shards that were 
significantly smaller. Additionally, a video of the test was also captured for sample CA2. This 
video shows that the components failed violently at the maximum test pressure, and the fragments 
were propelled into the polycarbonate enclosure. However, the enclosure performed as designed 
and contained both the pressurized water and the ceramic pieces upon failure.  
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Figure 31: The fragments of samples (A) CA1 and (B) CA2 on the testing fixture following a successful 
burst test. 
 
  
Figure 32: Posttest pictures of the fragmented pieces of sample CA1. 
A. B. 
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Figure 33: Posttest pictures of the fragmented pieces of sample CA2. 
6.2. Finite Element Analysis 
6.2.1. Alumina Burst Test: Sample CA1 
The first FEA examined the alumina sample CA1 under the conditions of the burst test. As shown 
in Table 3, this head sustained a maximum load of 191.86 MPa in the fourteenth loading cycle 
when a failure occurred. Based on the result of the linear regression, the loading rate was 
determined as 1.96 MPa per second. These parameters were used as inputs for the FE model, and 
alumina was selected as the ceramic material. The analysis ran for 97.72 seconds to replicate the 
test conditions. For brittle materials, such as ceramic heads, fractures will occur when the 
principal stress reaches a critical magnitude. As such, this parameter was examined in the FE 
results. The analysis solution returned maximum principal stress values of 167.69 MPa in tension, 
and 61.35 MPa in compression. The highest tensile stresses were present on the ceramic taper 
along the region where the pressure was applied. Conversely, the compressive stresses were 
highest at the contact surface between the head and the steel constraint. The distribution of the 
maximum tensile principal stress in sample CA1 at the point of fracture is displayed by the FE 
solution in Figure 34.  
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Figure 34: Maximum tensile principal stress distribution in sample CA1 during the successful burst test. 
6.2.2. Alumina Burst Test: Sample CA2 
The second burst test FEA, for sample CA2, was modeled in the same manner as the first and 
used the loading data presented in Table 3. The measured loading rate of 1.80 MPa per second 
was used for 107.02 seconds. This induced the maximum recorded pressure of 192.60 MPa 
sustained by CA2 in the third loading cycle. As a result of the higher pressure used during this 
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second test, the maximum principal stress values were also greater. For sample CA2, the 
maximum values of this stress were determined to be 168.33 MPa in tension and 61.45 MPa in 
compression. The FE solution for the distribution of maximum tensile principal stress in sample 
CA2 at the point of fracture is displayed in Figure 35. 
 
 
Figure 35: Maximum tensile principal stress distribution in sample CA2 during the successful burst test. 
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6.2.3. HP System Full Pressure Tests 
As described in section 5.5.3., three subsequent FEAs were performed. These tests determined the 
theoretical maximum principal stresses created in alumina, zirconia, and ZTA ceramic heads, 
when loaded to 206.84 MPa, the maximum pressure capacity of the HP system. The results of 
these analyses are displayed in Table 4. The maximum tensile stresses were again present on the 
ceramic taper while the maximum compressive stresses occurred between the head and the steel 
constraint. The stress distributions created in each of these tests are similar in shape to those 
displayed in Figures 34 and 35, and are reported in Appendix E. 
Table 4: The maximum principal stresses recorded in alumina, zirconia (Y-TZP), and ZTA ceramic heads 
under an applied pressure of 206.84 MPa at a loading rate of 1.69 MPa per second. 
Sample Material 
Maximum Principal  
Tensile Stress (MPa) 
Maximum Principal 
Compressive Stress (MPa) 
Alumina 180.78 58.91 
Zirconia 175.20 58.23 
ZTA 181.88 58.77 
  
6.3. Ceramic Crack Depths 
6.3.1. Critical Cracks on the Ceramic Taper 
Based on the maximum principal stresses computed in the FEAs for samples CA1 and CA2, the 
critical crack length can be determined. As stated in section 3.2.2., the fracture toughness of 
ceramic heads is dependent on the size of the inherent cracks that are present in the material. 
CeramTec reports that their alumina BIOLOX forte heads have a fracture toughness, KC, of 3.2 
MPa·m
1/2
. Assuming that the critical crack was an edge crack present on the taper of the ceramic, 
the geometric correction factor is approximated as 1.12. This assumption is contingent primarily 
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on the crack depth being significantly smaller than the width of the ceramic head. In samples 
CA1 and CA2, maximum principal stresses of 167.69 MPa and 168.33 MPa were measured 
respectively. Using these parameters, the depth of a critical crack on the edge of the taper was 
determined using the calculations presented in Appendix B. For sample CA1, in which a 
comparatively lower principal stress was observed, the critical crack depth was determined to be 
92.41 μm. Whereas in sample CA2, due to the higher induced stress, the critical crack size was 
slightly smaller at 91.70 μm. Cracks of these depths along the ceramic taper would have produced 
a failure of the alumina material under the maximum values of tensile principal stress. 
6.3.2. Threshold for Subcritical Crack Growth 
Using the results from Metoxit’s ISO standard proof testing FE model, it is possible to determine 
the crack depth necessary for subcritical crack growth. The model in question showed that a 
principal stress of 146 MPa was induced in alumina heads with a 28 mm diameter when a 20 kN 
load was applied. The FDA requires that all ceramic heads for THAs are able to withstand a load 
of this magnitude without failing. Therefore, the surface of the taper should not contain any 
cracks that are deep enough to promote subcritical crack growth at this level of principal stress. 
The same fracture toughness conventions explained in 6.3.1. were used to determine the threshold 
crack depth. The calculation of this crack depth is shown in Appendix B, and was found to be 
74.40 μm. A subcritical crack of this size in alumina ceramic would grow through the material 
under an applied principal stress of 146 MPa 
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7. DISCUSSION 
7.1. Analysis of Burst Test Results 
The overall goal of this project was to develop a fluid pressure controlled destructive proof test, 
or burst test, for ceramic femoral heads of THAs. As per the design criteria, the test avoided 
creating kinetic between to the ceramic head and the testing device. In doing so, surface damage 
on the taper of the ceramic samples from contact with the test equipment was minimized. 
Moreover, the test was proved to be capable of creating a brittle failure event in new alumina 
ceramic heads. The pressure applied to the sample components was measured by a digital high 
pressure gauge and recorded through ADMET’s MTestQuattro software. Using this software in 
the test system, a burst test procedure was written for the torsion motor and produced repeatable 
testing conditions.  The implementation of this procedure allowed for the pressurization of 
ceramic samples at a linearly increasing rate, specified by the user prior to the test cycle.   
The experimental data displayed in Figures 28 and 29 describes the pressures in the test system 
over the course of the two successful trials. In these tests, the linear regressions performed on the 
pressure data returned R
2
 values greater than 0.99 in both cases. This high degree of linearity 
confirms the accuracy of the rate estimated by the equation of the regression line. Initially, where 
the pressure increase is observed to be nonlinear, air was being purged from the system through 
the outlet channel of the testing device. Also, pressures detected by the pressure gauge that were 
less than about 7 MPa were significantly affected by electrical noise in the gauge’s digital output 
signal. For this reason, the nonlinear region was excluded from the regression analysis. The 
loading rate convention directed by the ISO standard 7206-10, of 0.5 kN ± 0.1 kN per second was 
implemented in both tests. Based on the calculated surface area, shown in Appendix B, this load 
translated to a pressurization rate of 1.69 MPa ± 0.34 MPa per second on the ceramic taper. 
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Sample CA1 was loaded at 1.96 MPa per second, while sample CA2 was loaded at 1.80 MPa per 
second. Due the proximity to the upper boundary rate limit observed in sample CA1, the 
pressurization rate was intentionally decreased for CA2 in the MTestQuattro software. This was 
specifically done by decreasing the angular displacement rate of the torsion motor. Nonetheless, 
both pressurization rates fell within the boundaries of the originally defined loading rate criteria. 
In all, this test clearly demonstrated the ability to apply a fluid pressure load to the taper region of 
ceramic head components at a desired constant rate. 
In spite of the 14 unsuccessful trials for sample CA1, as compared to 2 for sample CA2, the 
difference between the maximum testing pressures was only 0.74 MPa. Considering the scale of 
the applied pressure and the small surface area of the taper, these two loads should be considered 
similar in magnitude. Since only two samples were tested, no statistical analyses were performed 
on the pressure data. Moreover, the failure of sample CA2 within 0.74 MPa of sample CA1 
provides an indication that the optimal burst pressure for this test may approximately be 192 
MPa. In a similarly designed proof test, described in section 3.5.4., CeramTec reported that a 
pressure of 150 MPa was required to fracture alumina ceramic heads. This was more than 40 MPa 
less than the pressures need to fracture samples CA1 and CA2 in the designed test. A potential 
reason for this discrepancy may be the temporal improvement of CeramTec’s ceramic materials, 
as the paper’s results were published in 1998. 
Another criterion for the burst test was to fracture the ceramic components in a manner that could 
be considered physiologically accurate. Yet, proof tests that apply a fluid pressure load to the 
taper of ceramic heads have been previously confirmed to produce physiologically relevant 
fractures [2, 4, 14]. In examining the failure modes of the samples, the posttest photos of CA1 
and CA2 were compared to pictures of ceramic heads that had been surgically retrieved after 
experiencing an in vivo fracture. Pictures of these retrieved heads are presented in Figure 36. 
74 
 
Similarities appear to be present in visually comparing the ceramic fragments of CA1 and CA2, 
Figures 31 through 33, to these other fractures. The in vivo failures are made up of a few main 
fragments and a number of other smaller pieces. However, it is difficult to assess the degree of 
similarity from macroscopic images alone. In order to definitively characterize the fragments of 
CA1 and CA2, scanning electron microscopy (SEM) should be used to determine the origin of 
failure and compare this to SEM pictures of in vivo fractured ceramics.  
 
  
Figure 36: Picture of in vivo fractured ceramic heads from a retrieval study. The arrows point to the origin 
of the fracture initiation [32]. 
Although the overall test was successful, the loading cycles which did not cause failure must be 
examined. In these cases, water was observed to be leaking passed the bottom seal after the 
maximum pressures, displayed in Table 3, were recorded. Although O-rings are cost effective and 
efficient fluid seals, defective components are commonplace. As a result, O-ring failures under 
high levels of pressure are generally unsurprising. However, sample CA1 experienced 13 
consecutive loading cycles in which a leak occurred at the lower O-ring. Furthermore, the first 11 
loads that were applied were less 100 MPa. Conversely, only 3 loading cycles were needed to 
produce a fracture in sample CA2. Again, these failed attempts were performed after a CoCr head 
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had been pressurized to 172.37 MPa without any fluid leaks. Based on these results, competence 
of the O-rings was clearly not the primary cause of the failed trials.  
Through visual observations made during the test, it became apparent that the hydraulic actuator 
was retracting during the failed trials. The actuator was capable of producing a total downwards 
force of 88.96 kN, and was operated by a hydraulic hand pump. However, this machine did not 
contain any means of quantifying either the pressure in the hydraulic line, or the applied force. In 
the first 11 loading cycles, for sample CA1, this actuator was depressed only so far as to seat the 
ceramic head completely onto the pressure transmission fixture. No additional load was applied 
once the samples were pressed down so that O-rings were in the proper position. Yet when the 
test samples were pressurized, the upwards force on the taper would exceed the reaction force 
provided by the hydraulic actuator. This would cause the actuator to retract thereby allowing 
water to leak passed the lower O-ring or cause a material failure in this component. Ideally, the 
actuator would have produced a reaction force that was directly equal and opposite to the vertical 
force produced by the applied pressure. The calculations in Appendix B show that the hydraulic 
system applied a reaction force of at least 2.81 kN to produce the two successful burst tests. 
This problem was not obvious in the pressurization of the CoCr head, as the actuator was 
depressed on this head without the concern of damaging the sample. The extra force applied to 
the metal head was necessary to prevent the actuator from moving during the test. For the ceramic 
samples, this problem was mitigated by systematically increasing the load of the hydraulic 
actuator prior to the testing cycles. This method was used for each of the loading cycles that 
achieved a pressure greater than 100 MPa. The load applied through the actuator was not 
quantified for either test and introduced a source of error which is further explained in the context 
of the FEA results in section 7.2. 
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7.2. Analysis of FE Results 
The nonlinear FE models that were developed for this experiment successfully quantified the 
principal stress in ceramic head samples under the conditions of the designed burst test.  The 
principal stress was examined, as this stress component is the most important factor in brittle 
failure. For the samples, fractures occurred when a critical value of principal stress was induced 
in the material. In the case of the designed test, this critical stress was produced in tension along 
the ceramic taper. This result was favorable, as the maximum in vivo stresses also occur in 
tension along this region. The ISO standard proof test has been recognized to produce 
experimental stress distributions that are functionally similar to those experienced in vivo [2, 4, 
14]. As discussed in section 3.7.2, Metoxit has published FE results of the ISO static compression 
proof test. As such, the principal stress distributions of the ISO test and the designed burst test 
were compared to determine if the experimental results appropriate. Figure 38 shows a side by 
side comparison of the two stress distributions.  
 
  
Figure 37: (A) The principal stress distribution created in the standard proof test as compared to (B) the 
principal stress distribution created in sample CA2 in the designed burst test [3]. 
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Metoxit’s model of the ISO compression test, Figure 38A, shows that the principal stress 
distribution is concentrated on the taper at the superior end of the contact with the dummy stem. 
The distribution is semicircular and radiates out towards the outer surface of the head. Moving 
inferior on the taper away from the critical stress, the measured principal stress values are 
observed to decrease by 50% or more. Although the shape of the stress distribution is accurate, 
the location of the maximum stress may be misrepresented. In their model, the angle of the 
ceramic taper and the dummy stem taper were considered to be equal [3]. As a result, the 
maximum stress is created at the superior tip of the stem. However, if the model had considered a 
more realistic scenario in which the angle of the dummy stem’s taper was slightly greater than the 
ceramic taper angle, the distribution would shift. Specifically, this would cause the area of 
maximum stress to move inferiorly on the taper.  
In comparing the Metoxit’s model to the results of the experimental FEA, the shapes of the two 
distributions appear to be similar. The most important observable difference is the physical 
location of the maximum principal stress. In the standard test, the highest stress is concentrated 
near the end of dummy metal stem, while the burst test shows the highest stress concentrations 
towards the midline of the vertical taper. This is unsurprising, as this is the specific surface area 
that was pressurized during the experimental procedure. Yet, the location of the stress distribution 
in the burst test FEA is justifiable based on the taper angles used in Metoxit’s analysis. 
Next, using the results of the FEAs, the strength of the alumina components was evaluated in 
terms of the material fracture toughness. The calculation of the critical crack depths for samples 
CA1 and CA2 is shown in section 6.3 and in Appendix B. For these calculations, it was assumed 
that the material flaw that caused a failure during the test was an edge crack along the ceramic 
taper. Also, this crack was assumed to have a depth that was much smaller than the overall width 
of the component at that location. As a result, a minimum critical crack depth of 91.70 μm was 
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found to be capable of creating a brittle failure under the stress produced in the burst test. 
Comparatively, CeramTec’s alumina components are reportedly machined with an average outer 
surface roughness of 0.002 μm [9]. Although the taper roughness is not reported, this calculation 
indicates that these surfaces are more than 10,000 times as rough as the outer surface.  
However, this result was then evaluated in terms of a potential threshold crack depth for 
subcritical crack growth. Metoxit’s standard proof testing FE model calculated that a maximum 
principal stress of 146 MPa was induced in alumina heads under an axial load of 20 kN. 
According to the FDA, ceramic heads must be able to withstand this load without rupture. Using 
this convention, the surface of the ceramic taper must have a roughness of less than 74.40 μm to 
prevent subcritical crack growth. Based on this result, it is not unreasonable to believe that a 
crack 91.70 μm deep may have formed on the ceramic surface during the testing process and 
caused the material failure. 
The critical flaw size of 91.70 μm may have been induced by stress corrosion cracking on the 
ceramic taper. As described in section 3.3.1., in situations of high stress, alumina ceramic can be 
weakened in the presence of water. This mechanism works as polar water molecules corrode the 
bonds in the metal oxide, thereby opening crack in the material. Since water was used to 
pressurize the ceramics, it is plausible that stress corrosion cracking played a role in the initiation 
of a critical crack. During the trials in which a fracture did not occur, subcritical cracks may have 
formed. In this case, the ceramic heads would have fractured at a lower magnitude of stress than 
samples that were not affected by slow crack growth. Overall, the taper of the new ceramic 
samples should be examined using white light interferometry to properly quantify the surface 
roughness. In order to eliminate this factor completely, water could be replaced with hydraulic oil 
in the HP system. 
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The three remaining FEAs, which theoretically applied the maximum system pressure to alumina, 
zirconia, and ZTA femoral heads, were used to evaluate the capability of the burst test, and the 
differences in the reaction of the materials. Of the three ceramics, alumina was confirmed to have 
the weakest overall mechanical strength. In the alumina head, a maximum stress of 180.78 MPa 
was induced. The zirconia and ZTA heads experienced similar tensile stress levels, but these 
materials both have a much higher bending strength and fracture toughness. The HP system was 
capable of producing a total of 206.84 MPa, and sample CA2 required 93.12% of that capacity to 
experience a brittle failure. In considering the results of the FEAs of the zirconia and ZTA heads, 
it is unlikely that the HP system would have been able to fracture components made of these 
materials. For this reason, alumina was the only ceramic head material tested in the designed 
burst test. 
In evaluating the FEA results of the two burst tests, maximum tensile principal stresses of 168.33 
MPa and 167.69 MPa were measured. However, these stress values appear low when considering 
that CeramTec claims the 4-point bending strength of their alumina ceramic heads to be 631 MPa 
[17]. Moreover, based on the magnitude of the calculated critical crack depth, it is possible that 
the burst test FEA underestimated the maximum principal stresses experienced by the two 
samples. Therefore, explanations were formulated for this potential inaccuracy. As a result, the 
primary factor attributing to the underestimation of stress in the samples is a discrepancy between 
the actual test conditions and the FE model.  
In the model, the conical steel surface was rigidly constrained while in contact with the ceramic 
head. However, as previously explained, this structure did not act as a rigid constraint during the 
test. Instead, the hydraulic actuator displaced if the vertical force produced by the pressurization 
of the sample overcame the applied reaction force. This issue was resolved by installing a greater 
force through the actuator prior to each testing trial. Moreover, the load that was applied through 
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the actuator could not be quantified using the current test design. From the calculations in 
Appendix B, the reaction force necessary to constrain the heads on the fixture was 2.81 kN. It is 
therefore likely that the force produced by the hydraulic actuator exceeded the opposing vertical 
force created by the fluid pressure acting along the ceramic taper. In this case, the residual 
vertical force from the actuator would have forced the head down on the fixture. Furthermore, the 
principal stress in the head would also be increased because of this load. In fact, the stress 
distribution may appear to be a combination of the two distributions shown in Figure 38. Still, the 
FEA of the experimental burst test did not account for the residual vertical force produced by the 
hydraulic actuator. As such, the stress calculated by the burst test FE model should be considered 
an underestimate for samples CA1 and CA2. 
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8. CONCLUSIONS AND RECOMMENDATIONS 
A fluid pressure controlled burst test was designed with the capability of fracturing alumina 
ceramic femoral heads. The test setup was able to pressurize the samples at a constant and 
controlled rate up to approximately 192 MPa where the components fractured. In addition, the 
test avoided creating kinetic friction between the testing device and the surface of the ceramic 
taper. As a result, the testing equipment did not significantly damage this surface of the ceramic 
due to contact. A finite element model was also created to describe the mechanical reactions of 
the ceramics under the defined test conditions. As such, the maximum tensile principal stresses 
induced by the burst test in two new alumina ceramic heads were determined to be 167.69 MPa 
and 168.33 MPa. From these stress values, the corresponding critical crack depths along the 
ceramic taper were also calculated as 92.41 μm and 91.70 μm respectively. Overall, the FE 
models were successful in accurately modeling the geometry of the head, the pressurization, and 
the contact between the ceramic and steel surfaces.  
The primary source of error in the numeric results of this test was produced by the hydraulic 
actuator that was used to vertically constrain the ceramic samples. The force applied by this 
constraint was required to be greater than the vertical force produced by the pressurization of the 
heads. However, this force could not be definitively measured during the course of the test. As a 
result, it is likely that this constraint introduced a residual force that increased the principal 
stresses beyond the values calculated in the FE models of the burst test. 
To remove this source of error, the hydraulic actuator should be replaced with a constraint that 
can be locked into place. Additionally, this constraint should be connected to a load cell in order 
to measure the amount of reaction force it is applying. This reaction should be directly 
proportional to the vertical force produced by the pressurization of the ceramic taper. As such, 
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this solution will also be used to confirm that the upper seal on the pressure transmission fixture 
is not leaking during the test. A leak of this nature would produce a discrepancy between the 
vertical force of the pressure and the force recorded by the constraint. By updating this testing 
condition, the FEA will then accurately model the burst test. After this improvement, a more 
powerful HP generator should be implemented in the setup. The generator should be used in the 
same manner as described in this procedure, but will provide the capability of fracturing both 
zirconia and ZTA ceramic heads.  
Moving forward, white light interferometry should be used to determine the roughness of the 
taper surfaces of new alumina ceramic heads. The roughness detected during this test should then 
be compared to the critical crack depths calculated for samples CA1 and CA2. This will provide 
information as to whether the critical cracks were a result of manufacturing,  stress corrosion 
cracking, or damage from the test. Furthermore, SEM images should be taken to determine the 
fracture origin surface for the two alumina samples. These can then be compared to SEM images 
of the fracture surface of in vivo fractured ceramics. 
Finally, the designed test will be used to perform an analysis on the failure strength of surgically 
retrieved ceramic heads. Drexel University’s Implant Research Center (IRC) has accumulated 
over 150 explanted ceramic femoral heads of different material compositions. This collection 
contains components that have been implanted for time periods ranging from a few days to 20 
years and have been explanted for a variety of reasons. Using the designed burst test, these 
components can be tested to determine whether degradation in mechanical strength has occurred 
over the implantation period. Additionally, the ceramic taper surfaces will be damaged less in the 
burst test in comparison to the standard compression test. Overall, an analysis of the variance in 
strength between material compositions would allow for a determination of the best mechanically 
performing ceramic head material. 
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APPENDIX A: LAB NOTEBOOK TESTING CHECKLIST 
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APPENDIX B: CALCULATIONS 
 Pressurized taper surface area 
o The surface area of the taper that is pressurized during the designed proof test is a 
trapezoid and will be calculated accordingly.  
o The lengths of the bases are the values of the circumference of the taper directly 
next to the two O-ring seals. 
o The two diameters at the ends of the critical taper region are d1 = 11.6812 mm,  
d2 = 12.4524 mm. 
o The vertical height between the two seals is h = 7.8 mm. 
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 Rate of pressure increase 
o The rate at which pressure is applied to the ceramic heads will be modeled after 
the ISO 7206-10 standard for proof testing ceramic heads. 
o The standard recommends a loading rate of 0.5 kN ± 0.1 kN per second. 
o The rate of pressure increase was found using the loading rate and the surface 
area of the ceramic taper. 
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 Maximum force capability of the HP system 
o Proof test results typically report the force applied to ceramic samples. 
o It is therefore interesting to determine the magnitude of the maximum force 
applied over the taper surface area during the designed proof test.  
o The system the capability of applying a total of 206,842,719 Pa of pressure 
                                                                        
                                                             
 Directional components of the pressure applied to samples CA1 and CA2  
o Determining the lateral and vertical components of the force applied 
perpendicular to the taper wall during the two test iterations 
Sample CA1: 
                                                                  
                                    (      )             
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Sample CA2: 
                                                                  
                                    (      )            
                                     (      )            
 Critical crack depth calculations 
o Using the maximum principal stresses measured in the FEAs for samples CA1 
and CA2, the critical crack depths can be determined from the fracture toughness 
equation. 
o The fracture toughness equation is presented in section 3.2.2. 
o For alumina, KC = 3.2 MPa·m
1/2
 
o The geometric correction factor is estimated at 1.12 assuming that the initial 
crack depth is comparatively small to the width of the ceramic sample, and that 
the taper is experiencing an edge crack. 
o Using the maximum principal stress of 146 MPa determined in Metoxit’s FE 
model of the standard proof test, the threshold crack depth for subcritical crack 
growth can be determined. 
o The threshold factor for alumina subcritical crack growth, KTH, is 2.5 MPa·m
1/2
 
 
Sample CA1: 
        √                 √                 
Sample CA2: 
        √                 √                 
Threshold Crack Depth: 
        √                 √                   
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APPENDIX C: PRESSURE TRANSMISSION TOOL CAD IMAGE 
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APPENDIX D: CERAMIC HEAD AND PRESSURE TRANSMISSION TOOL 
CAD IMAGE  
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APPENDIX E: FINITE ELEMENT ANALYSIS RESULTS 
 
Figure 38: Maximum tensile principal stress distribution created in an alumina ceramic head under and 
applied pressure of 206.84 MPa. A loading rate of 1.69 MPa per second was implemented for 122.32 
seconds. 
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Figure 39: Maximum tensile principal stress distribution created in a zirconia (Y-TZP) ceramic head under 
and applied pressure of 206.84 MPa. A loading rate of 1.69 MPa per second was implemented for 122.32 
seconds. 
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Figure 40: Maximum tensile principal stress distribution created in a zirconia toughened alumina (ZTA) 
ceramic head under and applied pressure of 206.84 MPa. A loading rate of 1.69 MPa per second was 
implemented for 122.32 seconds. 
 
